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Abstract

The main focus of this PhD thesis is fundamental investigations into control
techniques of inverter-based microgrids. It aims to develop new and improved
control technigues to enhance performance and reliability. It focuses on the
modelling, stability analysis and control design of parallel inverters in a
microgrid.

In inverter-based microgrids, the paralleled inverters need to work in both grid-
connected mode and stand-alone mode and should be able to transfer
seamlessly between the two modes. In grid-connected mode, the inverters
control the amount of power injected into the grid. In stand-alone mode,
however, the inverters control the island voltage while the output power is
dictated by the load. This can be achieved using droop control. Inverters can
have different power set-points during grid-connected mode but in stand-alone
mode they all need their power set-points to be adjusted according to their
power ratings. However, during sudden unintentional islanding (due to loss of
mains), transient power can flow from inverters with high power set-points to
inverters with low power set-points, which can raise the DC link voltage of the
inverters causing them to shut down. This thesis investigates the transient
circulating power between paralleled inverters during unintentional islanding
and proposes a controller to limit it. The controller monitors the DC link voltage
and adjusts the power set-point in proportion to the rise in the voltage. A small
signal model of an island microgrid has been developed and used to design the
controller. The model and the controller design have been validated by

simulation and practical experimentation. The results confirmed the



performance of the proposed controller for limiting the DC link voltage and
supporting a seamless mode transfer.

The limitation of the droop controller, that is utilized to achieve load sharing
between parallel-operated inverters in island mode, has also been addressed.
Unequal output impedances among the distribution generation (DG) units lead
to the droop control being inaccurate, particularly in terms of reactive power
sharing. Many methods reported in the literature adopt low speed
communications to achieve efficient sharing. However, the loss of this
communication could lead to inaccuracy or even instability. An improved
reactive power-sharing controller is proposed in this thesis. It uses the voltage
at the point of common coupling (PCC) to estimate the inductance value of the
output impedance including the impedance of the interconnecting power cables
and to readjust the voltage droop controller gain accordingly.

In an island microgrid consisting of parallel-connected inverters, the interaction
between an inverter’s output impedance (dominated by the inverter’s filter and
voltage controller) and the impedance of the distribution network (dominated by
the other paralleled inverters’ output impedances and the interconnecting power
cables) might lead to instability. This thesis studies this phenomenon using root
locus analysis. A controller based on the second derivative of the output
capacitor voltage is proposed to enhance the stability of the system. Matlab
simulation results are presented to confirm the validity of the theoretical analysis
and the robustness of the proposed controller.

A laboratory-scale microgrid consisting of two inverters and local load has been
built for the experimental phase of the research work. A controller for a voltage

source inverter is designed and implemented. A dSPACE unit has been used to
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realize the controller and monitor the system in real time with the aid of a host
computer. Experimental results of the two voltage source inverters outputs are

presented.
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CHAPTER 1 INTRODUCTION

1.1. Microgrid: A new concept

The interest in distributed generation (DG) systems is rapidly increasing
because larger power plants are becoming less feasible in many regions due to
increasing fuel costs and stricter environmental regulations. In addition, recent
technological advances in small generators, power electronics, and energy
storage devices have provided a new opportunity for distributed energy
resources at the distribution level. Traditional centralized power generation
systems have many drawbacks: firstly, power generation plants depend heavily
on fossil fuel, which increases CO, emission and the rejected heat is wasted;
secondly, a large amount of power is produced in one place and delivered using
expensive transformers and transmission lines; thirdly, transmission lines and
transformers create the well-known problems of power losses and voltage drop;
fourthly, traditional centralized power generation does not provide an
economically feasible solution to supply power to poor and isolated

communities.

DG based on renewable energy sources (such as solar, wind and tidal)
integration contributes to reducing CO, emissions from fossil fuel based
sources, reducing transmission losses, mitigating voltage variation, relieving
peak loading, and enhancing supply reliability. However, an increased
penetration of DG sources, particularly in the distribution network, may cause

problems such as voltage rise, unstable voltage and frequency and protection

16



miss-coordination [1]-[4]. Such problems can be mitigated by aggregating a
number of DG sources and loads into one controlled unit called a microgrid as
shown in Figure 1.1. A microgrid has many advantages, such as increased
reliability, more controllability, and better power quality. Like a traditional power
grid, smart microgrids generate, distribute and regulate the flow of electricity to
consumers, but do this locally. It can be seen as a modern, small-scale version

of the centralized power generation system.

Wind

Micro-  Tyurbine Energy Storage
Turbine System (ESS)
PV Panels @ Battery
Supervisory ‘
Controller A e
‘ 1A
Low Speed - = = = =
Communication S - - .
Lo ,J#,,,,L ,,L‘ ,,,,, 1
Grid =
Coyree | | | |
\\/ Common AC Bus
Static Transfer Loads
Switch (STS)

Figure 1.1 Microgrid structure of multi parallel DC/AC converters supplied by

renewable energy sources [5]

A microgrid consists of DG sources such as Photovoltaic (PV) panels, wind
turbines, gas micro-turbines, and storage systems such as batteries. These DG
sources cannot be readily interfaced to the grid being DC (PV and batteries) or
variable AC frequency (wind turbines and gas micro-turbines). Therefore, power
electronic converters are required to interface the DG sources to the grid. The
grid interface DC/AC power electronic inverters are paralleled together to form
one AC bus which is connected to the grid via a Static Transfer Switch (STS).

Local loads can be connected to the microgrid side of the STS. The microgrid
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has two modes of operation: grid-connected mode and island mode. In grid-
connected mode, the DC/AC inverters are connected in parallel with the grid
and hence the output frequency and voltage are fixed by the stiff grid. In this
mode, inverters can export power to the grid. If the STS opens, the microgrid
operates in island mode. In this mode, the output voltage and frequency are
controlled by the DC/AC inverters and the local load is supplied by the
paralleled inverters which share the load equitably i.e., each unit shares power
according to its rating. The microgrid can transfer from grid-connected mode to
island mode. There are two kinds of islanding: intentional and unintentional.
Intentional islanding happens due to a pre-planned decision and the STS opens
at a predefined moment. Normally all precautions will be taken to make this
intentional transition from grid-connected mode to island mode as smooth as
possible. Unintentional islanding, however, can occur at any time, because of a
sudden fault in the utility grid. This type of islanding might cause undesirable
transients. The microgrid can also transfer from island mode to grid-connected
mode. The STS senses the voltages at both of its terminals and only closes
when these voltages are synchronised.

The DC/AC inverter is a critical part of any power-electronic based microgrid
consisting of high switching frequency solid-state devices and a low pass filter
as shown in Figure 1.2. The input of the inverter is DC, which is produced
across the DC link capacitor, while the output is AC generated on the output of
the inverter. The switching devices, i.e. IGBT (Insulated gate bipolar transistor),
receive control signals from a voltage controller. The latter produces pulse width
modulation (PWM) signals correlated to the reference voltage signal. The AC

output of the switching devices contains many harmonic signals resulting from
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switching. As a consequence, a filter, i.e. LCL filter, is used to attenuate these

harmonics and produce a sine wave power signal.

Bidirectional DC/AC Converter
(inverter)

4@ LCL Filter
L1 L2
aaas OO
—L DC-Link
Capacitor
K% EK {% c
] ] .l
Sensors
PWM Voltage
Generator | Controller “ Vref

Figure 1.2 Inverter structure containing six IGBTs with LCL filter

The main focus of this thesis is to develop control strategies for droop-based
inverters forming a microgrid in both island and grid-connected modes. The
control system should provide high reliability, robustness and stability against all
conditions of loads and network structure. Furthermore, it has to support a
seamless transfer between the microgrid modes without interrupting the
operation of any unit. The accuracy of power sharing between parallel inverters
is also important. Therefore, the main aim of this thesis is to study the effect of
unintentional islanding on the power sharing between parallel inverters. This
could lead to an unreliable microgrid system and undesirable circulating power
flow. This issue has not been addressed before in the literature. In addition, an
analytical model for the mode transition of a microgrid has not been well-

defined. Accurate active power sharing can easily be achieved using droop
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control because the system frequency can be considered as a virtual
communication link between the inverters. However, reactive power sharing in
island mode depends on the output voltages which could vary from one point to
another depending on the impedance of the interconnecting cables and the
location of each inverter. Previous work showed that a communication link
between the inverter and a supervisory controller can play an important role in
maintaining accurate reactive power sharing by sensing some voltage nodes.
However, a loss of this communication might lead to instability. The literature
has addressed the impact of long cables between island inverters as well as the
output impedance interaction with the rest of the microgrid network impedances
and showed that this might create a resonance and cause instability. However,
more work is still needed to propose robust controllers against cable

impedances.

1.2. Aims and Objectives

This thesis is mainly concerned with fundamental investigations into control
techniques of droop-controlled inverter-based island microgrids. The thesis
presents a mathematical model of a microgrid and investigates transient
response during unintentional islanding. Additionally, the thesis presents an
investigation into reactive power sharing between inverters. Furthermore, the
impedance interaction between the inverters and the distribution network on
system stability is studied.
The objectives of the thesis are summarized as follows:

e To review various techniques used to control parallel inverters in a

microgrid.
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To produce a model-based island microgrid to study and analyse the
system responses and proposed controllers performance.

To study the effect of unintentional islanding on circulating power
between inverters using small signal mathematical modelling and
computer simulation tools.

To design a controller to limit circulating power during unintentional
islanding and prevent the inverters from tripping.

To design a controller for improved reactive power sharing between
islanded inverters.

To study the interaction between an inverter’s output impedance and the
impedance of the distribution network on system stability and to propose
a controller to enhance the system stability.

To build an experimental microgrid setup in the laboratory consisting of
two parallel inverters to validate the mathematical modelling, computer

simulation and the designed controllers.

1.3. Novel Contributions of the thesis

The contributions of the thesis are summarised as follows:

Development of a small signal mathematical model of an island microgrid
consisting of two parallel inverters that is used to investigate the transient
response during unintentional islanding. The investigations have shown
that different power set-points during grid-connected mode could lead to
large circulating power between inverters if the grid was lost. This
circulating power causes the DC link voltage to rise and, consequently,

the inverter to trip.
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Validating the small signal model by the results obtained from
Matlab/Simulink model and the practical model. This presents a design
tool to select the parameters of a proposed controller and expects the
behaviour of the states.

Design of a novel controller that limits the circulating power by monitoring
the DC link voltage and adjusts the power set-point in proportion to the
rise in the voltage, which eventually supports a seamless transfer
operation and increases the microgrid system reliability.

Extending the model for a multi-inverter island microgrid. The model
includes many inverters, loads and distribution lines. In addition, the
states of the DC link voltages are incorporated to study and propose a
new controller for more enhanced responses in limiting the DC link rise.
This is also validated by Matlab/Simulink simulation.

Design of a novel controller that enhances the reactive power sharing
between parallel-connected inverters. This controller reduces the
dependency on the communication and the risk of system instability if
this communication link was lost.

Investigations into the effect of the inductive virtual impedance and the
network cables length on the stability of parallel-connected inverters. In
addition, a study on the interaction between the inverter's output
impedance with the rest of the network is developed. A controller based
on the second derivative of the output capacitor voltage is proposed to

enhance the stability of the system.

22



1.4. Published Papers

The outcomes of the research have been published in journals and conferences

as follows, and attached in the Appendix.

1. Issa, W.; Abusara, M.; Sharkh, S., "Control of Transient Power during
Unintentional Islanding of Microgrids,” IEEE Transactions on Power
Electronics, vol.PP, no.99, pp.1,1

2. Issa, W.R.; Abusara, A.; Sharkh, S.M., "Impedance interaction between
islanded parallel voltage source inverters and the distribution network,"
Machines and Drives (PEMD 2014), 7th IET International Conference on
Power Electronics, vol., no., pp.1,6, 8-10 April 2014

3. Issa, W.; Abusara, M.; Sharkh, S.; Mallick Tapas, “A small signal model
of an inverter-based microgrid including DC link voltages," 17" European
Conference on Power Electronics and Applications, EPE 2015, Geneva,

Switzerland, 8-10 Sep 2015

and a submitted paper,
4. Issa, W.; Abusara, M.; Sharkh, S., “lImproved reactive power sharing for

parallel-operated inverters in island mode," Journal of Power Electronics.

1.5. Organisation of the Thesis

The thesis is organised as follows:

Chapter 2 presents a review of the literature on power sharing techniques,
especially droop control. In addition, another concern about reactive power

sharing and stability studies is presented. Chapter 3 introduces the practical
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setup which is a small scale microgrid. Chapter 4 discusses the issue of the
circulating power in an unintentional islanded microgrid. A modelling, stability
locus and proposed solution are presented in this chapter. Chapter 5 illustrates
the reactive power sharing inaccuracy and proposes a new controller to improve
it in island mode. Chapter 6 studies the stability of islanded inverters when they
are connected by long cables. Furthermore, a controller is proposed to increase
the stability against such effects. Chapter 7 gives an overview of the future work

and the research outcomes.
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CHAPTER 2 CONTROL TECHNIQUES FOR INVERTER-

BASED MICROGRID

2.1. Introduction

The fact that a microgrid includes many DG units that are able to work in both
modes (grid-connected and island mode) raises many issues that could create
technical challenges, particularly, during the transfer between the two modes. It
is worth mentioning that DG includes synchronous generators as well but this
thesis is concerned with inverter-based microgrid. In this chapter, the literature
is reviewed to highlight the main challenges facing the development of
microgrids and the recent related research outcome. The thesis concentrates
on control strategies, particularly in island mode, in terms of voltage controllers,

load sharing, modelling and stability issues.

Figure 2.1 illustrates a single-line diagram of a microgrid that includes a
Photovoltaic (PV) system, wind turbine and a battery energy storage unit. The
inverters have an interface with the point of common coupling (PCC) bus
through power-electronic converters and cables. The microgrid is connected to
the utility grid through a static transfer switch (STS) that can be monitored and
controlled by the microgrid central controller (MGCC) and could alternatively be
called a supervisory controller. The latter also sends all DG configurations and
set-points of voltage, frequency and power through a low-bandwidth
communication link. In addition, it has the ability to give the decision of mode

transfer from grid-connected to island operation and vice-versa. Each unit's
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controller has nested control loops that together guarantee the stability and
accurate control of active and reactive power in both modes. It is worth
mentioning here that the DC sources in all DGs are assumed to have a stable
and regulated output, ready to be used by the DC/AC converters. The control of

the DC sources will not be discussed in this thesis.
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Figure 2.1 Microgrid control structure includes renewable energy sources with

its DC/DC, AC/DC and DC/AC converters

2.2. Droop Control

The basic control objective in a microgrid operating in island mode is to achieve

accurate power sharing while maintaining close regulation of the microgrid
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voltage magnitude and frequency. Two control approaches can be followed to
realize the abovementioned objectives:

1. Communication-based control (wired methods) such as master—slave
control (MSC) system [6], [7]. These control schemes use high speed
communications between inverters to achieve accurate power sharing by
making one inverter take the master role of voltage control inverter (VCI)
to control the frequency and voltage of the microgrid while the other
inverters operate as current controlled inverters (CCIl) as shown in
Figure 2.2. The main disadvantages of this system are the dependence
on high-speed communications which is costly and decreases the
system reliability and expandability. Moreover, it does not provide
seamless mode transition from grid-connected mode to island mode and
vice-versa. During transition, the voltage across the load can become

very low or very high [8].
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Figure 2.2 Master- Slave Control System

2. Non-communication-based control (wireless methods) that relies on
droop control [9]-[11]. The name wireless comes up as this method does
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not need communications between the inverters. The thesis will be

concerned with this method.

2.2.1. Droop Control Concept

Wireless parallel structure relies on the ability of the inverter unit to regulate the
output voltage and frequency while sharing the active and reactive power
demands. A key for wireless technique is to use droop control [12], [13], [14],
which is widely used in conventional power generation systems. The advantage
is that no external communication mechanism is needed among the inverters.
However, communication can still be used between each unit and a supervisory
central controller, e.g. MGCC, for monitoring and management issues. This
enables good sharing of linear and/or nonlinear loads. In addition, its ease of
implementation, based merely on local voltage and current information, enables
plug-and-play operation. Thus, it increases redundancy and simplicity of system

expansion.
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Figure 2.3 Power flow control between two voltage sources nodes
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The droop control replaces the need of communication in particular in island
mode. In grid-connected mode the control of power generated to the grid can be
easily implemented using droop control or other controllers. However, the
strength of droop control appears in island mode, when all units need to share
power according to its rating without the need to communicate to other units.
This supports the seamless transfer between the microgrid modes. Figure 2.3
illustrates the power system flow between two voltage sources separated by an
inductor and how the active power can be controlled by the phase angle
between the voltage signals of each source and the reactive power by changing
the amplitude difference between these sources. In practical scenarios, the
output impedance can’t be purely inductive as a resistive value might affect its

performance.

I

Z Load

DG inverter 1 DG inverter 2

Figure 2.4 Two islanded inverters connected to a load

To make the droop control concept clearer, Figure 2.4 shows two inverters
connected in parallel and supplying common load. Each inverter is connected

via output impedance to the load bus. The active and reactive power that is
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exported from each inverter is subject to one of two forms according to the kind
of output impedance.

The output impedance can be dominantly inductive or resistive and this
determines how the inverter would control the exported power. When the
inverter's output impedance is pure inductive, the generated active power (P)
depends on the phase difference (6) between each inverter output voltage (V)
and the PCC voltage (Vecc) While the reactive power depends on the magnitude
difference between the voltages (V-Vpcc). The situation is inverted if the system

impedance is pure resistive as shown in Table 2.1.

Pure Inductive Pure Resistive
System Impedance
ZO = jX ZO =R
VoccV 0 Vv -1,
Active Power p=-fC” — p = YV = Vrec)
Z, Z,
Vv -1, —Vpec V 0
Reactive Power Q= Y = Veee) Q=& —
Z, Z,

Table 2.1 Active and reactive power of parallel inverters

The natural form for the output impedance is the inductive case. This is valid in
three-phase lines that are mainly inductive and in single phase line when an
extra grid inductor is adopted [15]. Thus, the active power will be controlled
according to the phase angle while the reactive power will be controlled by the
voltage difference as explained earlier. Figure 2.5 shows the relationship

between P-w and Q-V.
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(b)

Figure 2.5 P-w and Q-V droop control curves

The role of the droop control here is to govern the output power to make
eventually a good power sharing between inverters in the case of islanding and
accurate controlling of the injected power to the grid in the case of grid-
connected mode.
For each case (grid-connected, island modes) the droop control equations are
as follow,
In island mode,

w=w"—K,P (2)

V=V"—K,Q )

where K,, K, are the droop coefficients and w*, VV* are the frequency and
voltage at no load and P, Q are the measured active and reactive output
powers, respectively.

In grid-connected mode,

w=w"—K,(P - P €))
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V=V"=K,Q—-0Q) (4)
where P*, Q™ are the set-points of the required exported active and reactive
power, respectively, and these settings are sent by the MGCC.

Active (P) and reactive (Q) power can be measured and averaged over one
cycle of the fundamental frequency, so that the powers are evaluated at the
fundamental frequency. This operation can be realized by means of low-pass
filters (LPF) with a reduced bandwidth [16]. Figure 2.6 shows the block diagram

of droop controller with measurement filters.

From MGCC
p*
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From MGCC

V xsin(wt)

Figure 2.6 Diagram of droop control

Line Type R(Q/Km) X(©Q/Km) R/X
Low voltage line 0.642 0.083 7.7
Medium voltage line 0.161 0.19 0.85
High voltage line 0.06 0.191 0.31

Table 2.2 Typical line impedance values
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2.2.2. Droop control limitations

Although the droop control introduces an intelligent automated method to
control the power sharing/injection without communications between the
inverters, its drawbacks limit its applications [17, 18]. The drawbacks include:

1. It has an inherent trade-off between load sharing accuracy and voltage
regulation as it introduces frequency and voltage variations proportional
to the active and reactive output power.

2. The dynamics of the power sharing does not only depend on the droop
control coefficients but also on the method of power calculation as using
the low pass filters creates new limits.

3. A restoration operation is needed before returning to grid-connected
mode because of the drop in frequency and voltage caused by droop
control, which reduces the seamless mode transfer.

4. Droop control uses an assumption of pure inductive or pure resistive
output impedance which is practically not very accurate. The output
impedance could be a combination of both as complex impedance. This
weakens the decoupling between the active and reactive power control
loops because each pure form of the output impedance gives another
form of droop control as stated in equations (1) to (4) and a combination
of the two forms makes, for instance, any change in the frequency leads
to a change in both active and reactive output powers. This is related
also to the nature of the distribution network as shown in Table 2.2 [19].

5. Droop Control is not effective when the units supplies non-linear loads

because it does not support the harmonic signals sharing.
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2.2.3. Enhancements on the droop control

The importance of the droop control in microgrids led many researchers to work
toward enhancing it and introducing different solutions for the problems caused
by its limitations. In what follow, the main research work on droop control will be

reviewed.

A) Load Sharing:

This can be categorized into three points as,

1. Dynamics of power sharing:
Many publications [20],[21],[22],[23] proposed solutions to enhance the
transient responses of active and reactive power sharing in grid-
connected mode and island mode. Guerrero et al. [16] proposed a PID
controller instead of just a proportional controller to improve the dynamic
response. For the same purpose, Avelar et al. [24] proposed an extra
phase loop to mitigate the response transient peak and minimize the

circulating currents between inverters.

2. Power calculation:
The low pass filter is used commonly in many works [25],[24],[26],[27].
However, the slow response of it affects the overall transient of the
power sharing and circulating currents, particularly, in island mode.
Alternative methods are proposed in [8], [28] that have better dynamics,
fast response and smaller ripple. In addition, a comparison of many
methods is investigated in [29].
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3. Accuracy of load sharing:

In grid-connected mode, the power control accuracy is achieved by the
advantages of a PI controller [8],[30] that eliminates the steady state
error of active and reactive power. However, this is difficult to implement
in island microgrid. The difficulty is generated by the tradeoff between the
accuracy of load sharing and the voltage/frequency regulation. If the
droop gains are increased to obtain more accurate load sharing, this
would degrade the regulation and may destabilize the system. Kang et
al. [31] proposed a droop control with two droop coefficients to maintain
the stability in island mode during low and high loads. Wei Yao et al. [32]
adopted a new droop control that makes the droop relation to be
nonlinear between P-w and Q-V to decrease the drop of frequency and
voltage during supplying heavy loads. In addition, an adaptive droop
behaviour against small and large loads steps is proposed in [33]. A
supplementary loop was proposed [22] to stabilize the system despite
having high gains that are required for better load sharing. A decoupled
control of virtual real and reactive power through frame transformation is
proposed in [34]. Other authors introduced many solutions as in [35]
which used second order generalized Integrator (SOGI), that generates
the filtered in-phase and quadrature-phase versions of the grid
voltage/current, to estimate the grid impedance to substitute it in the
droop control and strength the decoupling between active and reactive

power.
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B)

C)

Frequency and voltage regulation:

In island mode, the PCC frequency and voltage do not match the set-
points of the microgrid. Thus, a restoration and regulation process is
required if the microgrid will be reconnected to the grid again. A
secondary loop is proposed in [17],[36] adopting a Pl controller to restore
the required values. In [37],[38] a phase droop control is used that makes
the frequency independent of the load so it is fixed over the time. In
addition, authors in [39] allow the operator to tune the real power sharing
controller without compromising frequency regulation by adding an

integral gain into the real power control.

Output impedance:
Output impedance is quite essential for proper droop control. However,
as mentioned earlier, the uncertainty of being pure inductive or resistive

or in between has a negative impact on P and Q control decoupling.

Virtual output impedance:

The concept of the virtual impedance has been widely used to overcome
the problem of power coupling caused by high R/X ratio in low voltage
distribution  networks [8, 40]. It increases the inductive
reactance/resistance of the inverter's output impedance without using
additional physical inductors/resistors that would increase size and cost.
Thus, it mitigates the effect of the network and line impedances on the
droop control. The literature illustrates the recent researches toward

developing the virtual output impedance concept. A parallel-connected
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virtual resistive impedance control method is proposed in [41] for current
sharing in island mode. This gives the advantages of more damped
system, in terms of resonance, and automatic harmonic sharing. In [16]
an inductive virtual impedance is used. However, a concern for the virtual
inductor control scheme is the inductor voltage drop calculation, which
involves the differentiation of the line current. Differentiation can cause
high frequency noise amplification, which in turn may destabilize the
inverter voltage control scheme especially during transient. A common
approach to avoid noise amplification is to replace the differentiator with
a high-pass filter (HPF) to attenuate the high-frequency gain of the
resulting transfer function as in [42]. The virtual impedance also supports
the soft-start operation [27] by maintaining a high impedance at the
beginning then reducing it to a nominal value at steady state, which

minimizes the circulating current between the inverters.

. Sharing of current harmonics:

Especially during supplying non-linear loads in island mode, to cope with
the nonlinear load sharing, in [27], a method was proposed to share
nonlinear loads by adjusting the output voltage bandwidth with the
delivered harmonic power using a bank of band-pass filters. The later
extract the harmonic components from the current signal then re-inject
them into the grid. Resistive output impedance can be a good solution to
share linear and nonlinear loads in applications such as uninterruptible-
power-supply systems [43]. In [44] a novel fast control loop that adjusts

the output impedance of the closed-loop inverters is used in order to
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ensure resistive behaviour with the purpose to share the harmonic
current content properly. Inductive output impedance seems to be the
most natural output impedance [27]. However, it degrades the output-
voltage total harmonics distortion (THD) too much when supplying
nonlinear loads due to the large impedance value seen by the current
harmonics. A complex output impedance is presented in [42] that
suggested a new design of a virtual output impedance composed of a
virtual resistor with a virtual inductor associated by HPF. Eventually, it
behaves like an inductor at nominal frequency and represents a resistive

behaviour against harmonics frequencies.

D) Modelling:

It is necessary to build the stability margins of a microgrid and analyse the
controller’'s functions against the uncertainties in the system. In grid-
connected mode, each unit could be dealt as a single unit as the grid
stiffness decouples the interaction between the inverters. However, in island
mode, the dynamics of each inverter is affected by other inverters. The
commonly used method to build a microgrid model is the small signal
technique. In [24],[25],[8] a grid-connected inverter model is developed and
the responses have been analysed and compared to a practical setup
results, while in [26], two island inverters are modelled to investigate the
droop gains stability margins. In [45] a complete microgrid contains multi
island units model is built in dg-frame and a comprehensive root plot is
obtained for stability judgment. The outcome of reference [46] is that the

stability deteriorates by long cables connecting each inverter to the load in
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an island microgrid and a low bandwidth voltage controller is recommended.
In addition, a feed-forward loop is added in [47] to stabilize the system
against the resultant resonance. In [22],[48],[24] the number of parallel
inverters also is investigated against the microgrid stability in terms of output

impedance and resonance creation.

E) Hierarchal control

For developing a flexible microgrid, it is necessary to distribute the
control tasks over levels. The latter decouples the control parameters and
creates a management system for frequency and voltage restoration,
reactive power compensation, mode transfer, power settings, voltage
regulation and power sharing. The following is the hierarchical control
required for an AC microgrid proposed in [17]:

e Primary control based on the droop method to allow the connection of
different ac sources in parallel and to share the load wirelessly. In
addition, it is responsible for the voltage and current regulation in
terms of a particular reference.

e Secondary control avoids the amplitude and frequency deviation
produced by the primary control. Only low-bandwidth communications
are needed to perform this control level. A synchronization loop can
be added in this level to transfer from islanding to grid-connected
modes.

e Tertiary control allows import/export active and reactive power to the
grid, estimates the grid impedance and non-planned islanding

detection.
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Reference [17] proposed a PI controller to implement the secondary and
tertiary control after sensing the voltage, current and frequency at both sides
of STS and sending them by low bandwidth communication.

By this sort of level distribution a seamless mode transition is achieved to
reduce the initial circulating currents. Other works are proposed in [8], [49]

and [5] for the sake of managing these tasks automatically as well.

2.3. Transient Power during Unintentional Islanding of

Microgrids

A microgrid can operate in grid-connected mode and in stand-alone mode. In
grid-connected mode, inverters can export power to the grid (when the price is
advantageous for example) or import power and store it in energy storage
systems (ESS) to be used later. In case of a power outage, the microgrid works
autonomously and provides power to the local loads. In order to provide an
uninterruptible power supply, it is necessary for the microgrid to be able to
transfer seamlessly from grid-connected mode to island mode and vice-versa.

Using droop control it is possible for the inverter to transfer from the grid-
connected to the stand-alone mode automatically. During, grid-connected
mode, the frequency is stiff and maintained by the power grid. Hence, the power
set-point of the droop controller can be used to control the power output of the
inverter. This power set-point can be set by an energy management system
implemented inside the supervisory controller, i.e. MGCC. In stand-alone mode,
however, the frequency can deviate from its nominal value depending on the

amount of power drawn by the local load and the power set-point can be used
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to reduce this deviation. In the case of multiple inverters operating in stand-
alone mode, each set-point has to be adjusted according to the power rating of
the inverter, i.e. according to the droop gain. Therefore, the power set-point has
two different purposes depending on the mode of operation: 1) in grid-
connected mode, power set-point is set to control the output power. 2) In stand-
alone mode, it is used to reduce the frequency deviation. Before changing from
grid-connected to stand-alone mode the supervisory controller needs to bring all
the power set-points of all paralleled inverters to their nominal values before
disconnecting them from the grid. However, if unintentional islanding occurs, it
is not possible instantaneously to adjust the power set-points to match the load
demand and circulation power can flow from the inverters with higher power set-
points to inverters with lower set-points. It is important to note that by using the
anti-islanding strategy, the period from grid failure until the opening of the STS
may vary depending on the mismatch between the power generated by the
microgrid and the local distributed load. If the mismatch is large, the islanding
detection will be quite quick. However, if the mismatch is small, it will take
longer for the anti-islanding controller to detect the grid loss. In the worst case
scenario of perfect match between the power generated and the load, the anti-
islanding controller should not take more than 2 seconds according to the IEEE
Standard 1547 [50]. If one inverter imports power during this period, the DC link
voltage will rise and might exceed the maximum limit. This will cause the
inverter to shut down to prevent any possible damage. Even though there has
been a number of publications recently on seamless transfer of microgrids
[8],[17], and [49], the effect of different power set-points on the transient power

between inverters has not yet been discussed.
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2.4. Reactive Power Sharing

A significant concern of the parallel-operated inverters is the load sharing issue.
Many techniques use communication-based methods [51]-[56] to accomplish
accurate load sharing. However, these techniques need a high-bandwidth
communications infrastructure between all inverters, which increases cost and
decreases reliability and the plug and play ability which makes it easy for any
inverter to be connected to the microgrid without prerequisite tough
requirements or configuration. Droop control which mimics the behaviour of
synchronous generators [8]-[24] introduced the key for inverters to operate in
parallel without any communication mechanism. For the droop controller to
share reactive power accurately, the parallel-operated inverters must have the
same output impedance, including the cable’s impedance, as well as generating
the same output voltage. This, however, cannot be guaranteed in practice due
to parameter tolerance in inverters’ LC output filters, different interconnecting
cable length and inaccuracy in output voltage control. Therefore, traditional
droop control has been known for its poor performance in reactive power
sharing.

Many strategies have been proposed to enhance reactive power sharing. An
algorithm has been proposed in [58] which is based on additional control signal
injection. The proposed solution injects signals with other frequencies (90Hz,
130Hz) to send the information about the shared power between inverters
through the same distribution lines. However, this could increase the control
complexity and current distortion. Chia et al. [59] proposed a method to
compensate for the line impedance mismatches in which the reactive power is

controlled in proportion to the voltage derivative. Although this method
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minimizes the reactive power sharing error, it does not achieve equal sharing
and it adds more complexity to the system. In [60] a centralized controller has
been proposed to compensate for the voltage drop caused by droop controller
and line impedances. However, the whole process is executed in the microgrid
central controller (MGCC) and all parameters are sent by a communication link
and any loss in this link would lead to the traditional droop limitations.

Li et al. [30] proposed an online estimator of the voltage drop caused by the
transmission lines to then refine the droop control gain to give an accurate Q
sharing in island mode. However, the algorithm needs the inverters to operate
in grid-connected mode initially to obtain a proper estimation to calculate the
new droop gains. In addition, the controller complexity increases with the
presence of local loads that affect the estimation process.

In [61], a novel controller that is robust against computational errors and
component mismatches is proposed. The accuracy of the controller does not
depend on the output impedance. It measures the load voltage continuously by
a wired link and computes the difference between this measure and the local
output voltage. This difference is an input to an integral controller to achieve
accurate sharing of reactive power. However, this system only works accurately
for local inverters near each other and local loads. For a far load point or large
distances between the inverters, a wireless link could be used and any loss in
this communication link even for a short period of time might lead to instability
due to the existence of the integral controller. Furthermore, the controller does
not take into account the cable’s impedances that contribute to sharing

inaccuracy if a local output voltage is fed back.
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Jinwei et al. [62] proposed a synchronized algorithm guiding all units to share
the reactive power accurately by incorporating the measured reactive power in
the frequency droop equation. However, this disturbs intentionally the active
power sharing accuracy. In addition, for any load variation after compensation,
the accuracy of the sharing deteriorates and hence the algorithm needs to be
executed again. The same authors in [63, 64] proposed an online estimation
technique of the line impedance, using the harmonics of the line current and
PCC voltage, to regulate the virtual impedance and enhance the reactive power
sharing accuracy. However, the controller complexity increases as well as the
dependency on harmonics calculations which assume the existence of non-

linear loads during the estimation period.

2.5. Impedance Interaction between Island Parallel Voltage

Source Inverters and the Distribution Network

When controlling a microgrid, it is important to ensure the stability of each unit
as well as the microgrid as a whole under different loads and system conditions.
In many practical scenarios, the inverters are located far away from each other
and therefore they are connected to the network via cables with non-negligible
impedance. This could cause the voltage controllers of DGs working in parallel

to become unstable.

Each inverter is normally controlled by a core controller that regulates the
inverter's output voltage, and an outer droop controller that sets the amplitude
and frequency references for the inner core controller. The core controller has

much higher bandwidth and hence faster response than that of the outer droop
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controller and therefore the dynamic behaviour of the inner core controller is
normally neglected in the design and analysis of the droop controller.
Consequently, the interaction between the core voltage controller and the
distribution network (consisting of cables, loads and other inverters) is often
discarded. However, in practice, the DGs voltage controller can become
unstable due to the interaction between the output impedance of each inverter
and other inverters and cable impedances that can create parallel and/or series
resonance. If the resonance frequency is within the bandwidth of the voltage
controller, instability could occur. Thus, designing the inverter controller as a

single isolated unit does not guarantee stability in all conditions.

Different types of controller including Pl [24], repetitive [65], resonant [66],
deadbeat [67] and many other controllers [68] have been used in grid-
connected inverters. They usually utilize dual loop control to dampen output
filter resonance -. However, the interaction between the inverter and the
network is rarely considered or addressed when designing these controllers. In
[46], the interaction between uninterruptible power supplies (UPS) was
investigated. The study recommended reducing the voltage controller
bandwidth by manipulating the voltage and current controllers’ gain to keep the
system stable. In [47], the controller bandwidth was reduced by using a feed-
forward loop. Ref [47] also concluded that a resistive virtual impedance has no
effect on the system stability. However, the effect of inductive virtual impedance

associated with cable lengths was not addressed.
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2.6. Conclusion

In inverter-based microgrids that adopt the droop control as a power sharing
technique between the inverters, the seamless transfer between grid-connected
mode and island mode and vice-versa is a significant issue. Furthermore, the
accurate power sharing, particularly, the reactive power is necessary to remove
the risk of loading any inverter more that its ratings besides ensuring the
stability of each inverter when it is coupled with other inverters. The literature
has not addressed the power flow between the inverters during unintentional
islanding that could cause damage or fault trips. In this thesis, the latter issue is
studied in detail through a research methodology of analysis, modelling and
proposing a controller. A small signal model of two islanded inverters was
developed to predict the system transients and give a sense for accurate
controller design. In addition, the results have been validated by simulation and
practice. For the reactive power sharing, the literature showed how the
communications play an important role to maintain accurate sharing. However,
the loss of this communication link has not been addressed as it might
destabilize the system is some cases that need remote measurement points.
The work in this thesis showed how this could be detrimental and proposed a
solution that decreases the possibility of unstable system and the dependency
on the communications. The literature addressed the impact of long cables
between island inverters and the impedance interaction that might create a
resonance and shift the entire microgrid system to instability. For that issue, a
new proposed controller, in this thesis, is also developed and the stability

margins have been analysed by the root locus and bodeplot figures.
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Furthermore, a simulation using Matlab/Simulink is built to validate the
theoretical results and calculations.

Finally, this thesis also exposed the analysis, structure and the steps of building
a laboratory scale microgrid which was used to validate practically the research

outcomes.
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CHAPTER 3 BUILDING A LABORATORY-SCALE

MICROGRID

3.1. Introduction

The research methodology used in this work in order to achieve the objectives
of this thesis includes; firstly, reviewing the literature for the most recent work in
this topic; secondly, using analytical methods such as small signal modelling;
thirdly, conducting numerical modelling using simulation tools, namely.
Matlab/SimPowerSystems toolbox; fourthly, verifying modelling and design by
practical implementation. This chapter discusses the design and implementation
of a laboratory-scale microgrid consisting of two inverters and local load for the
experimental phase of the research work. A controller for the two voltage
source inverters is designed and implemented. A detailed description of the
system components and the controller platform are provided. A dSPACE unit
has been used to realize the controller and monitor the system in real time with
the aid of a host computer. Experimental results of the two voltage source

inverters are presented.

3.2. Overview of experimental setup

A complete schematic diagram of the experimental setup is shown in
Figure 3.1.

As shown, the setup consists of two parallel inverters. The inverters hardware
used is the SEMIKRON SKAI module which is designed for three-phase
systems. However, only two phases were used which were configured as a
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single phase H-bridge inverter. The output of the inverter system is connected
to a low pass LCL filter, and coupled to the grid through an autotransformer.
Diodes are placed between the DC power supply and each inverter’'s DC link.
This is to protect the DC power supply in case the dc current flows in the
reverse direction. In addition, the diodes allow the DC link voltage to rise above
the DC power supply voltage which is quite important to study the effect of

circulating transient power on DC link voltage. This will be discussed in Chapter
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Figure 3.1. Schematic diagram of the experimental setup containing two

inverters with LCL filters and controlled by dSPACE unit

Voltage and current signals are measured using LEM sensors and fed-back to
the controller unit. Contactors K1, K2 are used to isolate the inverter from the
DC source and the grid, respectively. Contactor K1 closes first to supply the
inverter with DC power. Contactor K2 is then used to connect the inverter to the
network. The controller algorithm is implemented using dSPACE 1103 unit

which is a real time controller that can be configured and programmed using
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Matlab/Simulink. In addition, it has the ability to acquire the signals from the
sensors and produce the output signals to the power switches and contactors. A
host personal computer (PC) is used to provide a graphical user interface
platform which displays the results and gives the ability to change the controller
parameters in real time. This platform is called ControlDesk.

A full description of the experimental components is presented in the following

sections.
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Figure 3.2 Block diagram of SKIA module

3.3. Inverter Module

Two SKAI inverter modules produced by SEMIKRON are used in this setup.
SKAI is a highly integrated two level half-bridge 3-phase inverter which is
primarily designed for driving 3 phase loads from a DC source. However, only

two phases have been used as a single phase H-bridge inverter as mentioned
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earlier. Figure 3.2 shows a block diagram of the SKAI module and Figure 3.3
shows a picture of it.

The SKAI module contains 6 IGBT switches with freewheeling diodes, DC link
capacitor, integrated current sensors, temperature sensors and protection logic.
Integrating the DC link capacitors in the design reduces the internal inductance
and allows higher bus voltages to be used. Integrating the DC link capacitor
also allows less capacitance to be externally used for a smaller and more
reliable design. This compact construction is extremely rugged making it ideal
for the experimental setup.

There are two subcategories of SKAI modules, Low Voltage (LV) and High
Voltage (HV), depending on the rated voltage of the semiconductor switching
devices. The HV module is used in our setup as this is the one that is available

in the laboratory.

(v

Figure 3.3 SKAI 3001GD12 Module [69]

The model number of the two modules used is SKAI 3001GD12-1452W13 (see

Figure 3.4 for explanation). The module specifications are listed in Table 3.1.
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Figure 3.4 SKAI Model number explanation [69]

Module Rating 1200 Units
Silicon voltage 1200 \%
IGBT breakdown voltage 1200 \%
Maximum DC link voltage 900 \%
Maximum continues AC output current 300 Arms
Peak current limit 1000 A
DC link trip voltage 917 V
DC link capacitance 1 mF

Table 3.1 Specifications of SKAI nodule

The rest of module’s input and output signals and other properties are illustrated

in the appendix A.
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3.4. Voltage source inverter model

In a power-electronic based microgrid, DG units are based on voltage source
inverters (VSI) which can operate in stand-alone and grid-connected modes of
operation. Figure 3.5 shows a transfer function block diagram of an inverter and
its voltage controller which consists of two feedback loops; an outer feedback
loop of the capacitor voltage and an inner feedback loop of the capacitor
current. The inner current loop is employed to provide active damping of the
resonance created by the LCL filter. A feedforward loop of the reference voltage
is also implemented to improve the controller response speed and to minimize

the steady state error.

Note that the filter inductor current (I;) or the filter capacitor current (I.) can be
used as the inner feedback loop. The filter inductor current feedback gives
better performance in terms of LC resonance damping and overcurrent
protection. The filter capacitor current feedback, however, gives better
performance in terms of load current disturbance rejection [70] beside
resonance damping as the capacitor current relates the control loop to the
derivative term of the output capacitor voltage which gives rapid response

action against the disturbances. Therefore it is used in this work.

From Figure 3.5, without considering the current feedback filter Hg(s), the
output voltage can be shown to be given by,

V. =G(s)V, —Z(s)I, (5)
where G(s) is the closed loop transfer function and Z(s) is the system output

impedance, and given as,
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k, +1

G(s) =
(®) LCs® +k . Cs+k,+1 ©)
Ls
Z(s)= +L,s
) LCs®+k Cs+k, +1 ° )

where k. is the current loop controller gain and k,, is the voltage loop controller

gain. From (6), the natural frequency and damping ratio can be obtained as

w, =+/(ky, + 1)/L,C and { = k./L,C/(k, + 1) /2L, respectively.

Figure 3.5. Double-loop feedback voltage controller

Inverter parameters

Symbol Description Value
Ly Inverter-side filter inductor 350pH
C Filter capacitor 160uF
L, Grid-side filter inductor 250pH

Table 3.2 Inverter’s filter parameters

The filter parameters are listed in Table 3.2. The system stability is studied
using the root locus of the voltage controller as shown in Figure 3.6 as the gains

are changing in the range 0 <k, <5 and 1 < k,, < 10. It is obvious that higher
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k. introduces more damping while k,, has a little impact. As a rule of thumb, the
damping ratio ¢ is chosen to be between 0.3 and 0.7. Therefore, the controller
gain values are chosen such as k,, = 2 and k., = 2.2. This gives a damping ratio
{ =043 and w, = 7319 rad/sec . The step response settling time for G(s) is

about 1 m sec.
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Figure 3.6. Root locus of the voltage controlleras (a) 0 < k. <5 (b) 1 <k, <

10

By considering the current measurement filter, the closed loop transfer function
IS given by,
k,+1

G(s) = —
L,Cs® +k.Cs.—

+k, +1 (8)
S+ w;

where w is the cutoff frequency of the measurement filter. It is clear that the
filter adds new zero and pole to the system that could affect the system stability
and response. Figure 3.7 shows the bode plot of G(s) in (8) as ws changes. It is
clear that lower w; introduces a resonance at around 1.37kHz. Higher values of
wy can provide good damping for this resonance. In terms of phase shift, the

phase shift around the fundamental frequency (50Hz) can affect the accuracy of
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the power measurement required for the droop control. However, the phase
shift at 50Hz is -2.4° and the effect of w, is minimal. Low cutoff frequency
wy = 0.5kHz gives good noise rejection but it produces a low phase margin to
the system compared with the high cutoff frequency (w; = 200kHz). Thus, the
filter cutoff frequency is set to equal 200kHz which gives a good compromise

between stability and noise rejection.
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Figure 3.7. Bode plot of G(s) as the filter cutoff frequency changes

From the transfer function of Z,(s), the output impedance has the same
characteristic equation as that of G(s) and they have the same poles. The bode
plot of Z,(s) is shown in Figure 3.8. As seen, it has a predominant inductive
behaviour in the vicinity of the fundamental frequency. This is important for

proper droop control operation. Therefore, it is reasonable to assume
Zy(8)], 500 = S:Ls ©
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where L, is the inductance that is seen at the output of the inverter at the

fundamental frequency.

Bode Diagram
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Figure 3.8. Bode plot of output impedance Z,(s)

3.5. dSPACE Controller Platform

The dSPACE DS1103 real time controller consists of two parts; the main
development board DS1103 and the connector panel CP1103 (see Figure 3.9).
The DS1103 controller board is specifically designed for the development of
high-speed multivariable digital controllers and real-time simulations in various
fields. It is a complete real-time control system based on a PowerPC processor.
For advanced 1/O purposes, the board includes a slave-DSP subsystem based
on the Texas Instruments TMS320F240 DSP microcontroller as shown in

Figure 3.10.
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Figure 3.10 Internal structure of DS1103
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The connector panel CP1103 serves as an interface between the DS1103
controller board and external devices. It provides easy access to all input and
output signals of the DSP. Devices can be individually connected, disconnected
or interchanged without soldering. This simplifies system construction, testing

and troubleshooting.

The CP1103 contains connectors for 20 Analogue-to-Digital (ADC)
converter inputs, 8 Digital-to-Analogue (DAC) converter outputs, several other
connectors that can be used for Digital I/O, slave DSP 1/O, incremental encoder
interfaces, Controller Area Network (CAN) interface and serial interfaces. The

electrical specifications of the ADCs and I/O pins are listed in Table 3.3.

The main control algorithm is implemented in DS1103 using the Real Time
Workshop in Matlab/Simulink environment. This gives more flexibility and allows
the integration of functions from the Simulink library. The interface with the host
PC is realized via a Serial Communication Interface (SCI) that exchanges all
data with the controller and can be manipulated and displayed using a graphical

user interface.

The general connection between DS1103, CP1103 and the inverters inputs and
outputs is shown in Figure 3.11. The analogue inputs of CP1103 are connected
to the measurement sensors of each inverter to be used by the controller. The
digital 1/0O is connected to the IGBT’s inputs and error outputs pins of each

inverter module.
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Parameter Value
Input voltage Min Max
Analogue Inputs -10V +10V
Input resistance 1 MQ
Min Max
Input voltage High 2V 5V
Low ov 0.8V
Digital 1/0 High 2.4V 5V
Output voltage Low oV 0.4V
Output current 10mA
Input current 500pA
Table 3.3 Specifications of CP1103
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Figure 3.11 DS1103 and CP1103 connection with inverters inputs and outputs

3.6. Interface Board

Each inverter system has two contactors: an input contactor that connects the
DC link capacitor to the DC source (K1 in Figure 3.1) and an output contactor

that connects the output to the AC bus (K2 in Figure 3.1). The digital control
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signals outputs from the DS1103 controller have logic states voltage, OV for low
state and 5V for high state. The contactors, however, need 230VAC to be
energized. This requires a circuit, which receives the low voltage signals and
applies a corresponding signal to the contactors. Therefore, an interface board

was built. The schematic diagram of the circuit is shown in Figure 3.12.
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Figure 3.12 Schematic of the interface board
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Figure 3.13 View of the interface board
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The circuit uses an opto-coupler (4N25) as an isolation interface between the
controller and the relays. The value of R1 was chosen to limit the current to
10mA as this is the maximum current that can be delivered by any DS1103’s
digital output pin. The opto-coupler drives a 24V relay, using a FET transistor
2N7000. The relay applies the desired 230Vac across the contactor coil. The

complete physical circuit is shown in Figure 3.13.

3.7. Voltage and current measurements

The closed loop control of each inverter requires the filter capacitor voltage and
current to be measured and fed-back. As mentioned earlier, LEM voltage and

current sensors are used to measure these signals.
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Figure 3.14 Connection of the voltage sensor [71]

3.7.1. Voltage measurement

To measure the capacitor voltage, the voltage transducer CV3-1000 is used.
The sensor can handle a nominal RMS voltage of 700V and a maximum voltage

of 1000V. It has a conversion ratio of 10V:1000V. The connection of the sensor
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is shown in Figure 3.14. According to the datasheet, the load resistance R

should be greater than 1kQ.

3.7.2. Current measurement

The current transducer LA 125-P/SP4 is used to measure the capacitor current
and the output current. It can measure a nominal current of 125A and its
conversion ratio is 1 : 2000. The transducer output is a current signal so in order
to obtain a voltage signal representing the current, a measuring resistor should
be connected as in Figure 3.15 and it’s value is 50 ohm as recommended in the
datasheet.

An experimental test was carried out on the current sensors by measuring the
current supplied from a 23Vrms source to a resistive 50 ohm load. After testing
the output signal from the current sensor, it was observed that it contained high
frequency noise. This noise could be acceptable if the current is high and hence
the current to noise ratio is high. However, in this laboratory-scale system, the
measured currents do not exceed 4A. Therefore, an active low pass filter is

designed to mitigate the noise.

Is
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Figure 3.15 Connection of the current sensor [72]

63



3.7.3. Measurements filters

A low pass filter is designed using open source software from Texas
Instruments called FilterPro. The cutoff frequency is initially chosen to be about
1 kHz to cancel out the high frequency noise and the schematic of the filter is

shown in Figure 3.16.

The performance of the filter was satisfactory in terms of noise rejection;
however, the filter cutoff frequency has an impact on the system stability as
concluded from Section 3.4. The practical results of lower (1kHz) and higher

(200kHz) cutoff frequency will be discussed later.
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Figure 3.16 Schematic of measurement filter

A view of the final assembled filters with current sensors is shown in
Figure 3.17. It depicts three sensors that are used to measure inductor,

capacitor and output currents.
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Figure 3.17 View of the current measurement filters

Figure 3.18 shows a view of the bench made for the voltage and current

sensors for both inverters.

Voltage sensors

Current sensors

Figure 3.18 Voltage and current sensors installation
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3.8. Graphical User Interface

The dSPACE has a graphical user interface (GUI) software package called
ControlDesk, which provides a high-level control and monitoring of the real-time
system. ControlDesk has many GUI tools such as plotters, texts and buttons. In
addition, many layouts can be created and each can measure different group of
signals.

Figure 3.19 shows a screenshot of the GUI developed to control and monitor
the system. Controller parameters such as controller gains can be changed by
the user. Measurements such voltage, current and power can be presented on

the screen.
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Figure 3.19 Screenshot of ControlDesk GUI
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3.9. DSP Task Timing

The DSP of the dSPACE can be simply programmed by the Simulink Coder
which is a Matlab tool that converts Simulink block diagrams into C code and
upload it directly on the DSP memory of the dSPACE. Figure 3.20 illustrates the
interconnection between the Host (Simulink and ControlDesk), dSPACE and

inverters.

Simulink

Matlab/ ) ControlDesk

Host

IGBT
Interface board

DS1103 ) CP1103 _ ) Measured Signals

Semikron Error
dSPACE Unit Signals

Figure 3.20 General interconnection between host, dASPACE and inverters

The role of Matlab/Simulink here is just generating the code and programming
the DSP of the dSPACE while the ControlDesk is used to monitor the system
variables and change the parameters as required through its GUI.

In the Simulink environment, the sampling time of the model determines the
speed of the DSP code execution. The sampling time should be kept short to
minimize the computational time delay. However, choosing it too short might
lead to an overrun problem where the DSP is unable to perform all the controller

tasks within time as shown in Figure 3.21. Thus, the sampling period has to be
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chosen carefully to minimize delay and to avoid overrun. In this system, the
sampling frequency of the Simulink model was set to 60kHz which was found to
give satisfactory performance in terms of code execution speed while the ADC
sampling frequency is 16kHz and the switching frequency is 8kHz. Less than
60kHz, the computational time is long that results distorted voltage outputs.
However, this frequency caused an overrun problem which was resolved using

processor “Multitasking” which is explained in the following.

A A A
Sampling
()
Task Task
Time
A A A
Sampling
P Time — Overrun
Task Task (b)
Time

Figure 3.21 Single Timer operation (a) long sampling time (b) short sampling

time (overrun happens)

The dSPACE controller has three independent timers and each can be used
individually to execute some parts of the controller code. If one timer is used to
execute the entire code then the operation is called single timer task mode
(Figure 3.21). Otherwise it is called multiple timer task mode or Multitasking.
The latter approach can be used to prioritize the execution of some controller

tasks over others and it is preferable when a controller code has some tasks
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that need to be executed more often than others. This happens by assigning a
group of tasks to a timer and another group to another timer and so on as
shown in Figure 3.22. Timer 1 executes Task A while Timer 2 executes Task B.
Task A needs to be run more frequently than others so Timer 1 is faster. In
addition, the priority determines which task will start first. The highest priority
tasks can also interrupt the lower priority tasks. The user can determine the task

speed and priority manually then Matlab automatically assigns it to a timer.

A A A A
Sampling
, Time S
=

Timer 1 |Task A Task A Task A Task A 2

.8

a
Timer 2 Task B Task B

Time

Figure 3.22 Multitasking operation concept

Figure 3.23 shows the Simulink blocks of the controller. Each block represents
a different task and each is executed at a different speed (1 to 4). The task with
the highest number has the lowest priority and lowest speed. Simulink blocks
“‘PWM Generation”, “Voltage controller” and “ADC” have the highest priority and
hence the highest speed because they carry out the critical part of the control
algorithm and any delay in the execution can lead to instability. Power
calculation and droop controller are assigned to a lower speed task since it is a
slower control loop than the voltage controller. The PLL block is used for

synchronization with the grid or the other inverter. It has lower priority than the
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previous tasks. The rest of the tasks such as RMS and THD calculations have

the lowest priority as they do not affect the operation of the controller.

Highest
Signals |1 1 1
'gna’s . Voltageu—N PWM L Tr

Measurement

(ADC) Controller Y Generator
2 2
Power \—‘—\ Droop L

—/
Calculation Controller
Priority
3 4]
—) PLL 1 Contactors
RMS and) 4 |
-——/) THD S
Calculation Lowest

Figure 3.23 General Simulink block distribution in Multitask mode
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and switches

Figure 3.24. Test rig for the experimental setup
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The dSPACE controller has 4 external hardware inputs used as interrupts.
These interrupts can trigger some tasks independently. Therefore, they have
been employed to stop the system in case of an error signal being generated by

the Semikron converter.

3.10. Practical Results

Initial tests were carried out to demonstrate the functionality of the complete
experimental setup that has been built in the laboratory. The results were taken

using the GUI implemented in ControlDesk software.

Figure 3.24 shows a view of the power electronic inverters, auxiliary
measurement equipment, host computer, and dSPACE unit for real-time control

of the system.

Reference ¥[,/l

Y. . RSIoreTIce 1% MR T A

- signal !

Figure 3.25 Output voltage when low (1kHz) filter cutoff frequency is used

The first test is running each inverter as a standalone inverter and supplying a
load. Each inverter is supplied by 40V DC source and powering a 60w resistive

load to confirm practically the impact of the current measurement filter on the
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output voltage. A primary filter cutoff frequency of 1kHz is used. The output
voltage is depicted in Figure 3.25 as it has a sustained oscillation of about
900Hz that is close to the resonant frequency seen in Figure 3.7. The variation
between the two results is because of the parasitic resistance of the inductors
that affect the resonance frequency and amplitude [73]. A simulation was
carried out by building one inverter unit supplying a load with considering the
measurement filter. The filter has been incorporated with the designed 1kHz
cutoff frequency. Figure 3.26 shows how the system generates a resonance
that confirms the results in Figure 3.7 and Figure 3.25. To mitigate the
resonance, a higher cutoff frequency is chosen which provides a compromise
between the noise rejection and the system stability. The new cutoff frequency
is chosen as 220kHz. This is done by changing the capacitor (C1) value to 47pF
in Figure 3.16. Figure 3.27 shows the practical results of the sensor’s output

signal with and without the measurement filter.

Voltage signals, V
o

-100

-200

-300

o, = 200kHz

r r r r r
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
Time, s

-400
0

Figure 3.26 Simulation results of voltage output
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Without filter

With filter

y

Figure 3.27 Measured current waveform with and without the filter

With the new filter configuration, Figure 3.28, Figure 3.29 and Figure 3.30 show
output voltage, current and power signals of one inverter. All these results have
been captured by the internal registers of the dSPACE 1103 and plotted using

Matlab.

40

Output Voltage (V)

-40

r r r r r r r r r
0.02 0.03 0.04 005 006 0.07 0.08 0.09 0.1 0.11
Time (sec)

Figure 3.28 Inverter output voltage and the reference signal

The phase locked loop (PLL), used to provide synchronization between the two
inverters, was tested. The PLL control loop minimizes the phase angle
difference between the two inverters to reduce the initial circulating currents.

Both inverters were supplied from the same DC source through diodes as seen
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in Figure 3.1. The first inverter was running and supplying the load and the
second inverter was connected to it by closing the contactor K2 after receiving a

signal from the PLL unit.

Output Current (A)

ol—r r r r r r r r r
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Figure 3.29 Inverter output current
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Figure 3.30 Inverter output active and reactive power when supplying a resistive

load at 4.5 sec

Figure 3.31 shows the output voltages and PLL phase output during
synchronization. The closing signal is generated when the phase angle between

the inverters’ output voltages is zero. Figure 3.32 shows the output voltages at
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the moment of closing K2. The results confirm the stability and readiness of the

setup to test the controllers that will be proposed in the following chapters.
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Figure 3.31 Inverters output voltages and PLL phase output
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Figure 3.32 Output voltages during synchronization
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3.11. Summary

This chapter has described the experimental setup built for the experimental
phase of the research work for verifying the developed models and examining
the performance of the proposed controllers to achieve the research aims.

A detailed explanation of the experimental setup consisting of two inverters and
local load has been presented. The key peripheral components of the
experimental facility have also been described. @ An overview of the
programming environment for the dSPACE controller and ControlDesk interface
has been presented, along with the discussion on the realization of the control
algorithm. Experimental results of the two voltage source inverters have been

presented.
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CHAPTER 4 CONTROL OF TRANSIENT POWER DURING

UNINTENTIONAL ISLANDING OF MICROGRIDS

4.1. Introduction

This chapter investigates the issue of transient power between parallel inverters
during unintentional islanding. This circulating power can raise the DC link
voltage of the inverters causing the inverter to shut down if the voltage level
exceeds its maximum limit. The chapter also proposes a controller to limit this
circulating power by adjusting the power set-point according to the rise in the
DC link voltage. A small signal model of a microgrid consisting of two inverters
in island mode is developed and used to design the controller. Simulation and

experimental results are presented to validate the design.

DC Link
Capacitor

DC L DC
Source T AC ﬂ

Grid
* STS
|- )

DC Link
Capacitor
DC DC )

Source T AC ﬂ §
em-dml

Figure 4.1. Two inverters in microgrid and their voltage and droop control
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Grid connected _7 controller
p* 2 S e QF
I:)n island " J - A - )
P Q 7/
lo
Power <
Grid connected/island Calculation Vo
(from the supervisory controller) A
Figure 4.2. Inverter circuit diagram
Symbol | Value Description
L, 1350uH Inverter-side filter inductor
C 240uF Filter capacitor
L, 250pH Grid-side filter inductor
Cpc 2000pF DC link capacitor

Table 4.1 DC/AC converter Parameter values
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4.2. Droop Control

In this chapter, a microgrid consisting of two inverters as shown in Figure 4.1 is
considered. The circuit diagram of each inverter and its LCL filter and controller
is illustrated in Figure 4.2. The system parameters are listed in Table 4.1. The
frequency and voltage droop control of an inverter operating in a microgrid is

given by

o=aw,-k (P-P") (10)

V=V, -k, (Q-Q") (11)
where w}, V, are the nominal frequency and nominal voltage references, k.,
and k, are the proportional frequency drooping coefficient, and proportional
voltage drooping coefficient, respectively. The droop slopes are determined
according to the power rating of the inverter and according to the maximum
allowable variations in output frequency and voltage [74]. The active and
reactive power set-points P*and Q" are set to the reference power P,..r and Q,¢
in grid connected mode. In stand-alone mode, however, they are set to nominal
active and reactive power P, and Q, to improve frequency and voltage
regulation [8]. The inverter controller receives a signal from the supervisory
controller about the status of the STS then the set-points P*and Q* are set
accordingly as shown in Figure 4.2. Without losing generality, it is assumed that
the two inverters in Figure 4.1 have the same power ratings and hence they
have the same drooping gains k,; = k,, = k,, . In grid-connected mode, the
inverters are assumed to have different power set-points such as P{ # P,.

Figure 4.3 shows the droop control of the two inverters with different power set-
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points. During grid-connected mode, the frequency is fixed by the stiff grid wg,.;4
which equals the nominal frequency w, and the two inverters generate different
power values Py iqc1y and Pgriqc2)- When the microgrid transfers to island mode
(due to unintentional islanding) the island frequency w;q.nq deviates from its
nominal value w, and inverters 1 and 2 generate Piganqc1)and Piganacz),
respectively. In this case, Pigqnq(2) IS N€gative and hence inverter 2 is importing

power. In the event of unintentional islanding and from (10), the system will

have steady state frequency such as

Wigland = C(); - kwlRL + ka)l RL* (12)
= : - ka)Z P, + sz Pz*
: kP

e R e — — Wisland
Grid to island

--ﬂ-—a)grid :a)o

| Grid to island |

|

Grid tolisland
@::'j

I
| |
| |
| |
I:)island 1) I:)grid 1)

| |
| |
| I
I:::sland (2) I:)grid (2)

Figure 4.3. Droop control of two inverters in microgrid
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Figure 4.4. Output power versus load power, P{ = 30kW and P, = 10kW

Knowing that the two inverters have the same drooping gain k,; = k> = k,
(12) becomes
P=P +P,—-P, (13)
The total power dissipated by the load should equal the output power generated
by the two inverters i.e.,
P =FR+P, (14)

Substituting (13) and (14) in (12) the steady state island frequency is given by

a)island

« kK . o
R GELEY s)

Equation (15) shows that the deviation from the nominal frequency depends on
the local load and the power set-points of the inverters. Substituting, (14) in

(13), the steady state output power of inverter 1 in island mode is given by

1 . o
R=>(R+R-F) (16)

Similarly, the steady state output power of inverter 2 is given by
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1 * *
PZZE(PL-I_PZ _Pl) (17)

Equations (16) and (17) show that the two inverters will only share the load
equally if P = P;. They also show that if the load power is less than the

difference between the two set-points, i.e.,

P <R -P

(18)

then one of the inverters will import power. Consider for example the case
where P; = 30kW and P, = 10kW, Figure 4.4 shows how the inverters output

power varies with respect to local load. If islanding happens when the load is

less than 20kW, i.e., P, < P{ — P;, the power output P, will be negative hence
inverter 2 will import power. This power will cause the DC link voltage (see
Figure 4.1) to rise and if the voltage exceeds the maximum allowed limit, the
inverter will shut down. This phenomenon will reduce the reliability of the
microgrid. In normal operation and after unintentional islanding is detected by
the supervisory controller, a signal is sent to all inverters updating them with the
status of the microgrid (grid-connected or stand-alone) so that the inverters
local controller changes the set-points. However, this signal is sent via a
relatively slow communication protocol (such as CAN-bus or Ethernet).

Regardless of the speed of the communication protocol, there can be some
delay between when the islanding happens and until islanding is detected by
the supervisory controller and an update signal is sent and received. During this
transitional period, the dynamic of the microgrid is important in determining the

amount of energy imported by an inverter.
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4.3. Small Signal Model

In this section, a small signal model is developed to help analysing the system
behaviour during unintentional islanding. The model will be developed for two
inverters in island mode. The inverter can be modelled by a two-terminal
Thevenin equivalent circuit as shown in Figure 4.5 where G(s) and Z,(s)
represent the closed loop and output impedance transfer functions, respectively
[75].The response time of G(s) is quite fast with respect to that of the outer
droop control and hence it will be assumed as unity [8]. It is worth mentioning

that all the harmonics have been neglected as it does not affect the calculated

power.
Zo (S) |0

—L

_|_

@ V =G(s)V, Vv,

Figure 4.6. Equivalent circuit of two inverters in island mode at the fundamental

frequency
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The output impedance Z,(s) is predominantly inductive around the fundamental
frequency [76],[77],[75] and hence Z,(s) can be approximated such as Z,(s) =
s.L,. The inductance L, can be determined by the slope of Z,(s) around the
fundamental frequency and in the experimental setup used in this research it is
2500uH. Figure 4.6 shows the equivalent circuit for the two inverters operating
in island mode. For simplicity, it is assumed that both inverters have identical

output impedance X = wlL, = 2n(50)L, and they supply a local resistive load.

. Power flow equations and power measurement

The current that flows from each inverter can be described as follows:

| Val6, -V,

., n=12
" X 290 n (19)

Applying Kirchhoff current law at the load node gives

Vi -ViZ8 Vo Vi -V,20,

=0
X £90 R XZ£90 (20)
Rearranging (20), the load voltage is given by
WZRM4@+%L@) 1)
2R+ X £90
The apparent power of each inverter is given by
P+ijQ, =V.l, n=12 (22)

Substituting (21) in (19) and the result into (22), the instantaneous active and
reactive powers (in the time domain) for the two inverters are given by
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XV,2 XV,V,

R +2V\V,sin(6, - 6,) + cos(¢, —6,)
i X (23)
4X + ra
2
(% +2)V,2 —2V,V, cos(6, - 6,) + XViV, sin(6,—6,)
©s X (24)
4X +?
2
X\R/Z +2V,V, sin(0, - 6,) + XV, cos(d, —6,)
i X (25)
4X +?
2
(% + 2V~ 2V, c8(6, - 6) + X AV2sin(d, - 6,)
o X (26)
14X + g

When practically implementing the droop control, average active and reactive
powers need to be measured and thus the droop control equations described in

(10) and (11) become
w=a,-K,(Py, —P") (27)

V=V -k, (Quy -Q) (28)
The average power can be obtained by passing the instantaneous powers

through a low pass filter. Hence, the average power F,,;, and Qg4 in the s-

domain, are given by

Pag = F(8)P(s) (29)

Qg = F(5)Q(S) (30)
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where P(s) and Q(s) are the instantaneous active power and reactive power,
respectively and described in equation (23)-(26). F(s) is the transfer function of

the LPF and is given by

1

F(s) =
) 7S+1

(31)

where 7 is the filter time constant. Here t is set to give fast response with little

ripple.

. State Space Equations

The state equation can be obtained by perturbing each state and calculating it
in terms of other states and inputs. For instant, the output power perturbation of

the first inverter (23) will be,

=Py s Py s Boag s Peng
v, v, 00, 00, (32)

=a,AV, +b,AV, +C,Af, +d,A6,

By perturbing other power flow equations (24)—(26) we obtain,

AP, = a,AV, +b,AV, +C,A6, +d,AH, (33)
AQ, = a;AV, +b,AV, +C,A6, +d,;AH, (34)
AQ, =a,AV, +b,AV, +C,AE +d,A6, (35)

where A means a small perturbation around the equilibrium points
(Vieq: Vaeq: B1eq, 02¢4)- The coefficients a,b,c,d (with the different subscripts) are

obtained by calculating the corresponding partial derivatives and they are given

in (36).
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X . X
8Pl 2— R Vleq + 2VZeq SIr'l(gleq 2eq) +— R 2eq COS(@l Zeq)

SRV M
X
bl 3 aPl 3 1eq sm(gl Zeq) +— R leq COS(@l Zeq)
S, M
X
aPl 2VlquZeq COS(@l Zeq) R Vleq 2eq Sm(el Zeq)
"%, M
R __
1 692 1
X
3 aPZ 2eq Sm(gz 1eq) +— R 2eq COS(HZ 1eq)
2oV, M
X X
b 3 apz 3 2— R V2eq 1eq Sm(ez 1eq) +— R 1eq COS(HZ leq)
2V, M (36)
X
aPz 2VlquZeq COS(QZeq 1eq) +— R 1eq Zeq Sln(gz leq)
C,.=—==
) M
oP.
d2 - ﬁ - —C2
2
X? X
an 2(7 + 2)V1 2eq Cos(gleq 2eq) +— R 2eq Sln(el 2eq)
= oV, M
X
b an 2Vleq Cos(eleq 2eq) +— R 1eq Sln(el Zeq)
oV, M
. X
- an 2vlquZeq Sln(eleq Zeq) + R VlquZeq COS(91 Zeq)
P06, M
d Q _ —C
3 00, 3
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X .

a4 - an ~ —2V29q COS(HZeq - gleq) + EVZGQ S|n(026q — ‘91eq)

oV, v

X2 X -

b, = aQ = 2(? ' 2)V29q ) 2V1eq COS(@Zeq - eleq) * Hvleq SIn(QZeq - Hleq)

oy, v

i X

c - an ~ —2vlqu2eq Sln(HZeq - aleq) — EvlquZGq COS(HZeq — gleq)

‘o6 v

00,

3

where M =4X +—
R

By perturbing (27) and (28) we obtain,

Aw, =—K AP (37)

avgn
AVn = _kaAQavgn (38)
where n=1, 2, .... is the inverter's number. Substituting (31) in (29) and (30) the

average power is related to the instantaneous power by

1

AP =_ L Ap 39
avgn rs+1 n ( )

AQ. =—1 AQ (40)
aon = S

Substituting (32) in (39) and rearranging gives,

SAP,.,, = 1(anAVl +b.AV, +c, A6, +d A6,) —EAPavgn n=12 (42)
T

avgn T
Substituting (34) in (40) and rearranging gives

hi2AV, +C LA+,

sAQMn=%@%ﬂAw+b A@)—%AQWW n=12 (42)

The inverter power angle is related to the frequency by,
SAG, =Aw,, n=12 (43)
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Equations (32)-(43) can be combined into a homogenous state space equation

such as,
[sX,]=[A][X.] (44)

where [X] contains the state variables and is given by

AG
AG,
Aoy
Aa)2
AVy
[XJ = AV2
APavg 1
AI:)avg 2
AQavg 1
_AQavg 2|

The state variable matrix [4;] is given in (45). Thus, equation (44) represents a

state space model of the two inverters in island mode.

0 1 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0
k k,.d 1 K, k
kg A 1 0 ke kb 0 0 0 0
T T T T T
k,.c k,.d 1 k,.a k,.b
72 w2 0 _ = 2 2 0 0 0 0
T T T T T
_ ka'CS _ ka'ds 0 0 (1+ ka‘a3) _ ka b3 0 0 0 0
[A1]= T T T T
K, kd, o . kea,  (@+kb,) . o o .
T T T T
C d -1
el '} 0 0 & E — 0 0 0
T T T T T
c d a b -1
-2 -2 0 0 s s 0 — 0 0
T T T T T
C d a b -1
3 =3 0 0 = = 0 0 — 0
T T T T T
G % 0 0 & b—4 0 0 0 -
T T T T T
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Figure 4.7. DC link capacitor (a) when DC/AC inverter is importing power, (b)

small signal model.

4.4. DC Link Voltage Controller

A.DC link modelling

As explained earlier, the imported power may raise the DC link voltage to an
unacceptable limit. In this section, the state space model developed in
section 4.3. will be extended to include the DC link voltage.

Figure 4.7(a) shows the DC link capacitor when the inverter is importing power
during the transient period. The energy E absorbed by the capacitor is related to

the capacitor voltage Vpciink DY,
= d ——1C V2
E _IP(t) t= 5 “de DClink (46)

where P is the instantaneous absorbed power and Cp. is the DC link

capacitance. In order to have a linear relationship between AP and AVpcjink, the
square root relation needs to be linearized. Let x = V2., and (x) = Vx ,
small change in y is given by:

dy
Ay = AX.—
y x|, (47)

where Ax is a small change in Ax and x, is the equilibrium point. Given that the
DC link voltage needs to be around x,, Ay becomes
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Ay = m.AX (48)

1

dy _ 1
X=X, 2\/;

wherem=—-=2
dx

X=X,2
Therefore, as shown in Figure 4.7(b), the linear relationship between the DC
link voltage and the power is given by

2m
AVDcnnkn =——APR

CyS (49)

Substituting (32) and (33) in (49) gives the state equation for AVpciinki

and AVpcink2- This can then be combined with (44) to give (50) such as

[sX,]=[A,][X,] (50)
where,
Xl
[Xz]: AVipciina
AVDCIinkZ
a2 O]
A; [0],..
where Aj is,
2me, - 2mdy, oo 2ma 2mb oy 5 5 9 0 0 0
C C C C

A — dc dc dc dc 51
[3] 2mc, 2md, 2ma, 2mb, 000000G0 O (51)

C C

dc dc dc dc

Equation (50) represents the state space equation for the complete model of the

two inverters in island mode including the dynamics of the DC link voltages.
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B. Design of DC link voltage controller to limit transient power
In this section, a controller is proposed to limit the amount of imported power
during the transitional period so the inverters carry on working without
interruption until they receive the update signal from the supervisory controller
as explained earlier. The controller reduces the power set-points if the DC link
voltage exceeds a certain limit. The proposed controller is illustrated in

Figure 4.8.

During normal operation when the power flows out of the inverter, the DC link
voltage is regulated by a DC/DC boost converter. The reference V, ik 1S the
nominal DC voltage such that it only becomes effective if the DC link voltage
exceeds a threshold which means the inverter is importing power. In this case,
the controller will change the reference power set-point until the DC voltage

difference is minimized.

avg N\ P

{ j—— Droop Control —pp»

(&) i
N o |
I '. - — ¢ |
I \\Z/ kDC e BN | VDCIink
| Threshold '% |
- - _-__ ——d

P VDCIink

Figure 4.8. Proposed Controller based on DC link voltage
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The controller gain k,. must be selected carefully to guarantee good stability
and good reduction in imported energy. In order to analyse stability, the small
signal model described by (50) will be slightly modified to include the DC link
voltage controller. If the proposed controller is implemented for inverter 1, from

Figure 4.8 we can write,
P= Pavgl -P 4+ ch (VDCIinkl _VI;CIinkl) (52)
By perturbing (52) around the equilibrium points we get:

AP = APavgl + ch AVDcnnkl (53)

Substituting (53) in (37) gives,

Ao =-K, (Apavgl +Koc AVoeiinks) (54)

The state variable “s. Aw” becomes
SAw = —kwsAPa\,gl —K,KocSAV peiin (55)

The state space equation of (50) can be modified to include this control loop. It

can be done by modifying the 3rd row of the state matrix of A, according to

(55). If the controller is implemented for inverter 2 then the 4th row of 4, is also

modified.

In order to analyse the effect of k,. on the system stability, the locus of the
eigenvalues of A, is plotted as shown in Figure 4.9. The eigenvalues of the
system are plotted for 0 < kp < 10. They are in the left half plane for the
selected gain range. The arrows depict the evolution of the eigenvalues when
the gain value increases, which show that the system becomes faster with

higher overshoot by increasing the gain since the complex poles become the

93



dominant poles whilst the effect of the real poles decreases, which exposing

more oscillation and even instability if it is quite high.

80 ; ;
60 Koc =1
Freq:3.7Hz
40 Damping[pw,]: 2.6
n 20 e
8
> <—— <—
O e S s
g
E % *ﬂ%
d
-40 X
-60
-80
-14 -12 -10 -8 -6 -4 -2 0
Real axis

Figure 4.9. Root locus of the system when 0 < kp < 10

Symbol Description Value
P/ Active Power set-point for inverter 1 20W
P Active Power set-point for inverter 2 oW
Q] Reactive Power set-point for inverter 1 0 VAR
Q, Reactive Power set-point for inverter 2 0 VAR
P, Load power 0

Inverter output inductance (small signal and

Lo detailed simulation model) 2500 pH

k., Frequency drooping gain 0.05 rad/s/W

k, Voltage drooping gain 0.01 V/Var

, Voltage set point 23 Vrms

fo Frequency set point 50 Hz

T Measurement filter time constant 0.1 sec

Vi clink Nominal DC link voltage 40 V

Viclink max Maximum DC link voltage 120V

m Linearization factor relating V2-/inx 10 Vpcrink 0.0125

Table 4.2 Simulation and Experimental Parameters
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Increasing the gain k. decreases the absorbed energy and so the DC voltage
is minimized. However, it will increase the oscillatory components resulting in
higher overshoot. Thus, by choosing k,. equal to 1, a compromise between

stability and absorbed energy is achieved.

4.5. Simulation and Experimental Results

The simulation results of the state space model developed earlier are compared
with that of a detailed model developed using Matlab/SimPowerSystems and
the results obtained from an experimental setup. The two inverters have been
modelled as ideal voltage sources in Simulink as shown in Figure 4.6. The
simulation parameters are shown in Table 4.2. A laboratory-scale microgrid,
where the AC voltages and power ratings are scaled down by a factor of 10,

was built as in Chapter 3. In addition, setup parameters are listed in Table 4.2.

State Xeq Case 1 (starting in Case 2 (unintentional
Variable island mode) islanding)
X(0) AX(0) X(0) AX(0)
AB, 0.019 rad 0 rad -0.019rad | 0.034rad | 0.015rad
Af, -0.019 rad 0 rad 0.019rad | -0.004rad | 0.015 rad
Awq 314.66 315.16 0.5 rad/s 314.16 -0.5 rad/s
rad/s rad/s rad/s
Aw, 314.66 314.16 -0.5 rad/s 314.16 -0.5 rad/s
rad/s rad/s rad/s
AV 23 Vrms 23 Vrms 0 23 Vrms 0
AV, 23 Vrms 23 Vrms 0 23 Vrms 0
APy, g1 10w 0 -10 W 20 W 10W
APy, g2 -10W 0 10W ow 10W
AQgyg1 0 0 0 0 0
AQgyg2 0 0 0 0 0

Table 4.3 Equilibrium points and initial deviations for the small signal model

95



A. Initial Conditions for the state space model

Two cases will be considered to validate the state space model: In case 1, two
inverters are started in island mode with different power set-points. Even though
this case is not practical, as the supervisory controller should set the power set-
points equally before starting the inverters, it provides a good test for validating
the small signal model. Case 2: represents unintentional islanding when the two
inverters have different set points. Each state variable of the small signal model
described in (44) represents the deviation Ax(t) from the equilibrium point x,,.
The time domain response x(t) is calculated by adding the deviation to the
equilibrium point such as

X(t)=Xeq +AX () (56)
The equilibrium points are calculated as follows: the average power equilibrium
points are calculated using (16) and (17). The frequency equilibrium point is
calculated using (15). The angle equilibrium point can be calculated using (57)
which relates the active power transferred from each inverter to the load node

P _VV, sin(6,)

n=12 57
n X (57)

All equilibrium points are listed in Table 4.3. The initial deviations from the

equilibrium points Ax(0) are calculated using (58) such as
AX (0) =X (O) —Xegq (58)
where x(0) represents the initial condition at the beginning of the simulations. In

case 1, x(0) are the initial conditions at rest before starting the inverters. In

case 2, however, x(0) represents the initial condition in grid-connected mode
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just before the unintentional islanding. All the initial conditions and initial

deviations are calculated for both cases and listed in Table 4.3.
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Figure 4.10. Average measured active power of inverters 1 and 2 in island

mode (case 1)
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Figure 4.11. Frequency of inverters 1 and 2 in island mode (case 1)
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Figure 4.12. Phase of inverters 1 and 2 in island mode (case 1)

B. Validation of the small signal model

Results of case 1

Figure 4.10 depicts the average active power for both inverters under case 1
conditions. The figure includes the results obtained from the small signal model,
the detailed Simulink model and the experimental setup. As can be seen, the
small signal model is in complete agreement with the detailed model and both
agree with the experimental results. A similar conclusion can be obtained from
Figure 4.11 and Figure 4.12 which show the response of the frequency and

phase angle, respectively.
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Figure 4.13. Average measured active power (above) and frequency (below) of

inverters 1 and 2 after grid loss- unintentional islanding (case 2)

Results of case 2

In this case, the two inverters are initially operating in grid connected mode. At
time t = 2.1 seconds, the grid is isolated so the two inverters operate in island
mode. Figure 4.13 shows the responses of the average active power
(instantaneous power after being filtered by the LPF) of both inverters using the
detailed and the small signal model and the experimental setup. Again, the
responses dynamics are all in full agreement. Figure 4.13 also shows the
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frequency responses of both inverters. The behaviour of the second inverter,
which is importing 10W, develops high voltage across the DC link capacitor
resulting in a power trip as shown in Figure 4.14, which depicts the
experimental DC link voltage of inverter 2 before and after islanding. When the

DC link exceeds the max limit, a trip signal is generated.

DC Link Voltage (V)

35 r r r r r r r
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

Time (Sec)

Figure 4.14. DC Link voltage across the capacitor of inverter 2

C. Results of the proposed DC Controller

Figure 4.15 shows the simulation and experimental results of the unintentional
islanding case (case 2) with P, = 0. The first inverter was generating 20W while
the second inverter was generating OW in grid-connected mode. When the
islanding occurs at t=3 sec the output powers become P, = 10W and P, =
—10W which agree with (16) and (17). The DC link voltage of inverter 2 starts to
rise, and when it reaches 100V the DC Link controller is activated. The active
powers are then reduced to zero and the dc voltage is reduced to 50V. The
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charging time in simulation and practical results are slightly different since
knowledge of the dynamics of the DC source (applied on the DC link capacitor)
is beyond the scope of this research. In addition, considering an ideal AC
voltage source instead of the full dynamics of the inverter as stated previously,
results in that the simulated DC value is a calculated value not a measured one.
The effectiveness of the proposed controller is clear, as it has prevented the DC
link voltage from reaching the trip limit by quickly adjusting the power demand
and the inverters kept working waiting for an update signal to be received from

the supervisory controller.

Active Power (W)
Active Power (W)

DC Link Voltage (V)

Time (Sec)

(a) (b)

Figure 4.15. Average measured active power of both inverters and DC link
voltage of inverter 2 with proposed controller (kp. = 1) (a) Simulink detailed

model, (b) experimental setup
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According to the eigenvalues of the DC link controller of Figure 4.9, the
predicted transient response of the dc voltage is c(t) =e?*sin(223.7t) for
krc = 1. The magnified portion in Figure 4.15 shows the transient oscillation of
the dc voltage. The oscillation frequencies of the detailed model and the
experimental setup are 3.57Hz and 3.125Hz, respectively. The small signal
model has provided good prediction of the transient response. The exponential

decaying term also agrees with the eigenvalues of Figure 4.9.

1000 T T T T T T T T T T
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Figure 4.16. DC link voltage responses in case of different values of DC link
capacitor
To test the controller at high voltages and power, Figure 4.16 shows the
simulation results of unintentional islanding of two inverters operating at high
voltages (nominal AC voltage V, = 230Vrms and nominal DC link voltage V5 ik
= 400V). One inverter was injecting 10kW and the second inverter was injecting

OkW into the grid before islanding. The simulation is carried out for two different
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values of DC link capacitance (2200uF and 4400uF). As expected from
equation (49), the DC link voltage peak deviation is inversely proportional to the
capacitance value but in both cases the controller was able to prevent the DC
link voltage from reaching the trip limit of 1000V. The response with the low
value of DC link capacitance is quite oscillatory. Choosing a larger capacitance
value will give better transient response but it will also increase cost, size and

losses.

Choosing a smaller capacitance value can either lead to instability (if a high kp.
value is used) or failure to prevent the DC link from reaching the trip limit. It is
worth mentioning here that the DC link capacitance value has traditionally been
selected to satisfy certain requirements such as limiting the AC voltage ripple
when the inverter is fed from a rotational machine plus rectifier or to decouple
the inverter power stage from the driving prime mover stage. However, if the
inverter is to be used in a microgrid, the effect of unintentional islanding on the
rise of DC link voltage needs to be taken into account when selecting the DC

link capacitance.

4.6. Proposed controller for a Multi-inverter microgrid

The study of the aforementioned problem in this chapter based on a microgrid
containing multi-inverter units is important; particularly the general structure of
the majority of microgrids consists of many parallel inverters. The expected
behaviour of the DC link voltage of one inverter importing power from many
other inverters will have a fast rising and short time for the controller to act,
particularly, if the value of the capacitor is not very high. This work exposes new
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challenges in terms of modelling and practical implementation. However, in this
section, a small signal model of a multi-inverter three phase island microgrid will
be developed based on dg-frame and evaluated the model by simulation
without validating it practically as the laboratory capability is limited. Moreover,
by means of the same strategy as in the previous sections, the states of the DC
link voltages will be incorporated in the model and a controller will be applied to

limit the DC voltage rise in any unit.

4.6.1. Island Microgrid Modelling

The model developed in [45] included the inner voltage and current controller
loop but it was concluded that the outer power sharing loop dominates the effect
on stability. In addition, in [78], lyer et al. assumed that the dynamics of the
inner voltage and current loops can be neglected as their bandwidths are much
higher than the outer droop controller loop due to the low pass filter used to
average the active and reactive powers. Thus, in Figure 4.17, the dynamics of
the inner voltage and current controller loops are neglected and later the
microgrid model will be divided into subsystems and re-constructed into one
state-space model.

Figure 4.17 shows a microgrid model in island mode. The model contains g
parallel inverters modelled as an ideal voltage sources with equivalent output
impedance. Each inverter has its own power sharing loop. The network of m
distribution lines and [ loads elements are also included.

Each inverter has two cascaded sub-state space models. The first model is for
the power sharing controller while the second one is the output impedance
model. The derived model is based on dg-frame so voltage and current states

need to be converted from abc to dg-frame.
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Figure 4.17. Multi-inverter island microgrid

A. Power sharing loop model

The instantaneous output power of each inverter can be calculated as,

3 . .
pins = E (Vod lg + Voq qu)
(59)

3 . .
qins = E (Vod qu - Voq Iod )

These calculated powers should pass through a low pass filter to cancel out

high frequency components and ripples. The averaged power is given by,
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P - < pins
S+, (60)
(2]
Q - . qms
S+

As the d-component is chosen to align phase A voltage in a three phase
system, the g-component will equal zero and then the adopted droop control for

each unit to share the power in dg-frame is,

Vod :Vo* - an (61)

where wg, V;* are the nominal frequency and nominal voltage references, m,,
and n, are the proportional frequency drooping coefficient, and proportional
voltage drooping coefficient, respectively. To construct the small signal model,
the variables in (61) should be perturbed around the equilibrium points.

Equation (62) depicts the linearization of power calculation equations in (59).

APips = log AVyy + 15 AV +Voq Alyy +V,, Al

. . 62
AQ,, = qu AV — 1, .Avoq —VOq Aly +V, .Aloq (62)

where V,,, V,

oq’ Iod' 1

oq are the equilibrium points for the output voltage and
current. The symbol "A" denotes a small signal variation in a state.

Applying small signal variations on (60) and (61) gives,
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SAP = o, Ap,,s — @, AP
SAQ = w,AQ;,, — ®,AQ

Aw = —mpAP (63)
AV,y =—Nn,AQ
Av,, =0

and the phase state of any inverter could be calculated as,

SAS = Aw (64)

The phase state assumes a fixed frequency at the PCC. This could be valid in
grid-connected mode with a stiff grid. However, in island mode, the common
frequency throughout the system might have small deviations. To take that into

account, equation (64) is updated to be,

SAS = Aw - Ao, (65)

where Aw,,,, is a small variation of the common frequency of the system. This
will be utilized also, in Part C, to transform any inverter state from its local frame
to a common frame to couple all the subsystems together in one system.

By arranging the results of (62), (63) and (65), then the sub-state space model
of the small signal representation of the droop control is derived as (66) where

A8, AP, AQ, Aipgq, Avoaq, Aw are small deviations in the phase, averaged active
power, averaged reactive power, output current, output voltage and frequency,

respectively, and the symbol [ ] denotes the state equation.
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AS AS .
AV, Al
AP |= A | AP |+B,, {Av }+ B,, { i }L Brocon [A®con |

Al
AQ AQ o o
AS
[Aw]=C,,| AP |,
AQ
AO
Avod CPw
=C,, | AP |,C, =
AVoq A Pv
Q (66)
0 -m, 0
AP = 0 _a)c 0 1
0 0 -o
0 0 0 0 -1
By, =|1.50,.1,, 1.5a)c.lOq ,Bp; =| 1.50,V,, 1-56%-Voq v Bpoeom =1 0 |,
1.5wc.|oq -1.5a,.1,4 —1.5a)c.\/Oq 150, V,, 0
0 0 —-n
Cp, =[0 -m, OJ’CPV:{O 0 Oq}

B. Output impedance model
The output impedance model is a simple RL network between two voltage
nodes where the output current is assigned to be out of the inverter. The source
voltage node is v, and the sink voltage node is v,,. The sub-state space model

in terms of the output current state is,

Aw

Al Al , B |a B AV, 4
2= e v, |+
Aloq AZ Aloq Z1 A od z2 Aan
\"/

oq
R, _
A @ W A, 0 L 0
R 18212 ’Bzzz
—w _/ “1, O y 0 —y
o Lo ° Lo Lo

(67)

A =
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where R, and L, is the output impedance resistance and inductance

respectively.

R, L, I-a. 'EG.DC"
. pt f; Local to N Common
Common Frame Point
v %
m.dg Common to n.DQ
- -
Local Frame
= Local Frame
Rest of
the

system

Figure 4.18. Frame transformation

C. Mapping model
The output of each inverter to the network will be the states of A, in the local
dg-frame of each inverter as shown in Figure 4.18. However, the distribution
lines and loads models will be in a common DQ-frame which is selected as the
local frame of the first inverter. Therefore, each inverter output state has to be
converted to the common DQ-frame. The node voltages v,p, are converted
from the common frame to the local one because they will be used as inputs to
each inverter model in its local frame. The conversion between the frames could

be calculated using (68) as,

X bo =Tm.xdq

where (68)

_| cos(5) —sin(o)
_Lin(E) cos(5)}

m
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and for the sake of the model building, small deviations of (68) produce the sub-
state space of the conversion process. The state equations of the output current
from the local to the common frame are,

A%

Aigg Ai,,
P |=Cy| AP |+ Dy | .
Al AQ Aiy,

where

—lyg-8in(5,) —1,,.c08(5,) 0 O
| 1yg.€08(8,) = 1,g.5in(5,) 0 0

(69)

D cos(o,) —sin(o,)
™ |sin(s,)  cos(s,)

and the state equations of the node voltage from the common to the local frame

are,
AS .
AV, Al
=C,, | AP |+ Dy, | ..
AV, Al
AQ
(70)
where

| -V,5.€0s(5,) —V,o.8IN(5,) 0 0

c —V,p.8in(,) +V,,.c08(5,) 0 0
™ T =sin(s,)  cos(S,)

o _{003(50) sin(éo)}

where 6, and V,po are the equilibrium points of the phase and node voltage

respectively.

D. Distribution lines model
The distribution lines in Figure 4.17 are another series of RL networks between
the node voltages v, ; to v, ,. Here, we called any source node for any line

current as v,,rc. and the sink node as v;,,. Using the common DQ-frame the
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state equations for the line currents connected between the nodes vg,,,.. and

Vsink Al'e,
di, . -R,;
LineD __ Line ; H
dt - |_ ILineD + a)o'ILineQ - L VsourceD + VsinkD
Line Line Line (71)
diLineQ _ _RLine : H 1
dt - L ILineQ — @y M jnep — L VsourceQ + L VsinkQ
Line Line Line

By perturbing the states we obtain the small signal state space of each line as,

Al Al AV AV,
-LmeD _ AN -LlneD T BN(I) [Aa)] T Bstource sourceD + BN\,sink sinkD
AILineQ AILineQ AVsourceQ AVsinkQ

where

—Riine 1 o, | (72)
AN — Line B _ LineQ
_RLine PN _ILineD 1
0)0
Line
0 —y 0
B — %Line B — I‘Line

Nvsource ? = Nvsink
oA o A
Line Line

E. Loads model

By the same manner, the state equations of the loads at any node v, can be

obtained as,
diL dD NATR i
(;: = L = ILoadD + a)o'ILoadQ + VnD
Load Load (73)
diLoad _R - - 1
Q Load i _ i + v
dt - L LoadQ a)o *'LoadD L nQ
Load Load

and the small signal model is,
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A?LoadD _ AL A?LoadD + BLw [Aa)]+ BLV AVnD,i
AILoadQ AILoadQ AvnQ,i
where
-R

Load W

L 0 | (74)
AL _ Load B :|: LoadQ :|’

' Lo
) - RLO:V . LoadD
(o}
I‘Load
B _ }I/‘Load
L

0
v 0 }/
LLoad

F. Single inverter model

A complete state space model of an inverter can be obtained by combining the
state space models of the power sharing controller, (66), and the output
impedance, (67). The model contains the states of A§,AP,AQ,Ai,q, and the
inputs are the node voltages, Av,p,, in common DQ-frame to be internally
converted. The output state is essentially the inverter's output current Ai,p, in

the common DQ-frame. The first inverter should give an extra output that is a
frequency of the common DQ-frame, Aw,yyy, -

Now a state space model of one single inverter, i, can be built as follows,
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I:Ax;nv,i] = Ainv,i I:Axinv,i ] + Binv,i |:AVnDQ,i :| + Binva)com,i [Aa)com,i :|

Ao,
AioD,i = |:§invw’i :||:Axinv,i :I
AioQ'i invc,i
where
I:Axinv,i ] = [Aél AP| AQ| Aiod,i Aioq,i :|T (75)

B

+B,,C B,; 0 Pocom
Ainv,i = |: AP " ) i :|’ Binv,i = |: i|’ Binvwcom,i = O
BZl'(:P + BZZ'C:TV AZ B22'DTv 0

o _[lC 0 0]i=1
e [O]lx5 1 i 7 1

Cives =[Cr Dy ]

inve,i

G. Combined inverters model

As the output of each individual inverter model is in a common DQ-frame that
corresponds to the first inverter frame for example, a lumped model of all
inverters can be built to be later integrated with other model subsystems in DQ-
frame. Therefore, for a microgrid having g inverters, the state space model of

combined parallel inverters is given in (76).
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[Axlle ] = Ay [AXINV ] + By I:AVnDQ:I
I:AioDQ:| = Ciwve [Axle ]

where
T
[AXINV ] = I:Axinv,l AXinv,2 AXinv,g :'
T
[AVioo | =[AVipos  AVisgz - AV |
R . . . T
[AloDQ } = [AloDle Alppgy o Algpg g ]
_Ainv,l + Binv,l 'Cinvmcom,l 0 . 0
Binv,2 'Cinvwcom,Z Ainv,2 0 (76)
An = _ 0 )
| Binv,g 'Cinvwcom,g 0 O Anv,g 5gx5g
i Binv,l . 0
0 Biv:i - 0
Buw = . . . 0 '
0 0 0 B,,
L ' 5gx2n
Cinvc,l O O
0 Cinvc,z O
Cuwe =) . .0 !

0 0 0 C

inve,g 2gx5g

CINV(ucom = [Cinvw,l Cinvw,z ) Cinvw,g]

H. Completed microgrid model

The adopted strategy of modelling enables us to divide the whole system to
subsystems. Each has its inputs, outputs and states. Therefore, the model is
simplified as a source subsystem that is represented by the combined inverters
model, the combined distribution lines and the combined loads models to be

defined later. Therefore, in the same way, the distribution lines model could be
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combined in one subsystem and the loads models in another subsystem.
Finally, we obtain three subsystems that together give the full representation of

the microgrid. Now for m lines, the combined distribution lines model will be,

A, 0 . 0
0 A, . O
Aer = 0 ,
0 0 0 AN'm 2mx2m
(77)
BN(u,l Bstource,l + Bstink,l
B B + B,
BNETw _ Nw,2 , BNETV _ Nvsource,2 Nvsink,2
No.m _|om.a Bstource,m + Bstink,m 2mx2n
The same for [ loads, the combined model will be,
A, 0 . 0
0 A, . O
ALoad = ? 0 !
0 0 0 A'-" 21x2l (78)
BLw,l BLv,l
B B
BLoadw = - ! BLoadv = e
Lol 121x1 B'-V" 2mx2l

Before getting the entire microgrid system, it is noted that the node voltages are
treated as inputs to the subsystems. To close the loop, these voltages have to
be defined in terms of the states to ease the model construction. To achieve
that, a virtual high resistor ry can be assumed to be connected to each node
voltage. This resistor has negligible impact on the system dynamics [79].

Consequently, the node voltage states can be calculated as,
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Ai

oDQ,i

I:AVnDQ,i:I = [RN ]2n><2n ([Cio ]2n><29 ' +

Ai

oDQ.g 2gx1

Al

LineDQ,i

[CiLine ]2n><2m : - (79)

Ai

LineDQ,M _{51.1

Ai

LoadDQ,i

[CiLoad ]2n><2| ' )

AiLoadDQ,I 21kl

In (79), Ry is a diagonal matrix whose element is ry. The matrix C;, maps each
inverter connection points to the network nodes. For example, if the inverter i is
connected to node j then the element (i,j) is 1 and others row elements are
zeros. Likewise, the C;;,q.q Matrix maps the load, i, connection points to the
network nodes. The matrix C;;;,. maps the distribution line connections to the
network nodes. Note that if the node is a source, the element corresponding to
it will be +1 and if it is a sink node then the element will be -1.

Eventually, the subsystems can be gathered together and a full microgrid model

is then obtained as (80) where the states are

[AS;, AP;, AQ;, Aiodq,i: Aiyinepg,i» AlLoadpo,is AUnDQ,i]-

AINV + BINV 'RN 'Cio 'CINVc BINV 'RN 'CiLine BINV 'RN 'CiLoad
Ang = BNETw'CINVwcom + BNETV'RN 'Cio 'CINVc ANET + BNETV'RN 'CiLine BNETV'RN 'CiLoad (80)
BLoadw 'CINVa)com + BLoadv'RN 'Cio 'CINVc BLoadv'RN 'CiLine ALoad + BLoadv'RN 'CiLoad
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4.6.2. DC link voltage model

The small signal model of the microgrid is extended to include the voltage
across the DC link capacitor. The relationship between the imported power
(during transient, inverter can absorb power) and the capacitor energy E,
Figure 4.7, is derived and linearized as seen in Section 4.4. In the same way,
the energy equation in (81) is linearized and the state of the DC link voltage,
AVpcunk, for any inverter is obtained as in (82). In (83), the states are
manipulated to correspond to the same previous state vector Ax;,,,.

1
E= ECDCIinkVDzCIink = I Pins dit

2m
AVDcnnk,i = ﬁApins (81)
DClink,i *

where, p, is the instantaneous active power

e

where (82)

BDCv = 3—m|: Iod qu :I' BDCi = C?’—m[vod Voq :|

C:DCIink DClink

where, m is the square root linearization factor

{AVD.C,WJ } =[Bocs |- X |

(83)
BDC,i:|:|:O BDCv,i]'CP,i BDCi,i]

Before finalising the entire model, the combined DC voltage state equations are

obtained as,
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AVDclink,l
AV
DClink,2 | _ [BDC ] .[X|NV ]
AVDcnnk,g
| | (84)
BDC,l 0 ’ 0
0 B 0
Boc = o : 0
0 c 0B

By recalling the matrix 4,,, and incorporating the states of DC link voltages, the

completed model will be redefined as,

Ang = (85)

! |: Ang [O](Sg+2m+2I)xg :|
Boc  [Olgom [0y [0],.,

Figure 4.19. The microgrid simulation model of three parallel inverters with two

distribution lines and three loads
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4.6.3. Model evaluation

The small signal model in (85) has been linearized around stable
operating points. These points can be calculated by two methods. One method
is to set the nonlinear state equations to zero. Another approach is to simulate
the model in Matlab to determine the numerical solutions. Here, the second
approach is adopted. Thereafter, the linearized model has been compared with
a three phase detailed model built in Matlab/Simulink using SimPowerSystem
library with the same parameters in Table 4.4. The model, in Figure 4.19, is a
single phase diagram of the three phase system that includes three inverters
with the same droop control gains and output impedances. The first part of
testing is to disturb the system by exciting it with a 3.8kW step change. This is
realized by closing the switch SW1 and engaging Load 3. Figure 4.20 shows
the average active power output responses of the three inverters. The
responses of both models are in good agreement, which reveals quite accurate

transient expectations from the small signal model.

Figure 4.21 shows the active power responses of the three inverters if the set-
points are (P; = 20kW,P; = 10kW and P; = 0kW ) and the load is 13.1 kW
(without Load 3). The small signal model is again in a very good agreement with
the detailed model. The third inverter is importing power which increases the
voltage across the DC link capacitor. Figure 4.22 shows how the DC link
voltage of the third inverter is rising which will cause the inverter to trip unless a

controller is used [80].
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Symbol Description Value
Py Active Power set-point for inverter 1 20 kw
P; Active Power set-point for inverter 2 10 kW
P; Active Power set-point for inverter 3 0 kw
Q1 Reactive Power set-point for inverter 1 0 VAR

2 Reactive Power set-point for inverter 2 0 VAR
Q3 Reactive Power set-point for inverter 3 0 VAR
R, Load Resistance 1 25 Q/phase
R;, Load Resistance 2 20 Q/phase
R;3 Load Resistance 3 38 Q/phase
L e ey ™Y | 2000
R Inverter output res_istanc_e (small signal and 010
° detailed simulation model)
my Frequency drooping gain 5 x 10™* rad/s/W
ng Voltage drooping gain 5 x 107* V/Var
/A Voltage set point 220 Vrms
fo Frequency set point 50 Hz
W, Measurement filter cutoff frequency 30 rad/s
Viclink Nominal DC link voltage 750 V
Vpclink max Maximum DC link voltage 1200 V
m Linearization factor relating VZini 10 Vociink 6.5 x 107*
Xiine1 Distribution line reactance 1 0.1Q
Riine1 Distribution line resistance 1 0.23Q
Xiine2 Distribution line reactance 2 0.58 Q
Riine2 Distribution line resistance 2 0.350Q
k, DC link voltage controller proportional gain 30
kg DC link voltage controller derivative gain 1

Table 4.4 Simulation Parameters of a three phase microgrid system

120



Active power, W

6000

5800

5600

5400

5200

5000

4800

4600

4400

4200

4000

= ==« Small Signal Model
e Detailed Model

Inverter 3
Inverter 2
Inverter 1
0 0.05 0.1 015 02 025 03 035 04 045 05
Time, Sec

Figure 4.20. Active power output of the three inverters in island mode by the
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Figure 4.21. Active power output of the three inverters under different power

set-points (small signal model and detailed model)

121



2500

2000

1500

DC link voltager, V

1000

r r r r r
0 005 01 015 02 025 03 035 04 045 05
Time, sec

500 r r r r

Figure 4.22. DC link voltage response of the third inverter
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Figure 4.23. Proposed PD DC link voltage controller

4.6.4. Proposed DC link voltage controller

In this section, a PD controller will be proposed and studied for the multi-inverter
model developed in previous sections. The proposed controller is shown in
Figure 4.23. It employs P and D terms to emphasize the generality of the
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modelling technique and to demonstrate that the derivative term also enhances
the overshoot and settling time of the system response. The derivative term
produces fast action corresponding to any disturbance. Thus the D term allows

for fast response to compensate the output variations in the DC voltage.
A. DClink voltage controller modelling

The input signal to the droop control loop is,
Poc = —P" + (kp + s'kd )(VDCIink _VI;CIink) (86)
By perturbing it around the equilibrium points we obtain,

APy = (kp +8.Ky )-AVpciine (87)

After rearranging, the controller for any inverter is calculated as,
APy =Cpci-AVpgjing + Cpe AXiy,
where
Coci = kp (88)

Coc =[Cocz Cocsl
Cocz =Kqg.[0 Bpe,1.Cp

Cocs =Kq-[Bpeil
To insert this controller state equation into the model (85), the state of the
phase angle has to change as,

SAS =-m, (AP +Cpei - AVpgink + Coc -AXiny) (89)

Then by redefining equation (66), the A4;,,,; in (75) will be,

m, .C m, .C
+BVC - p DC2:| B i_|: p DC3:|
AP i i |: [o]2x3 i [0]2X2

BZl'C:F’ + B22'(:Tv AZ

Aﬁlnv,i = (90)

Consequently, the completed system with the DC voltage controller is derived

as,
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B. Analysis and simulation results

The same detailed model of three inverters in island mode, that has been
utilized to validate the small signal model, is used to justify the performance of
the proposed controller and the prediction of the developed small signal model.
Figure 4.24 illustrates a zoomed version of the root locus of the microgrid model
as the high frequency modes have less significance. The figure shows the poles
trajectory as the derivative controller term has been excluded (k; = 0) and the
proportional gain varies as 0 < k, < 100. As is seen, increasing k, shifts the
complex poles to be dominant and makes the system less damped toward
instability if k, > 65. The locus in Figure 4.25 is developed as the parameters of
the PD controller vary. Figure 4.25a depicts the poles evaluation as 0 < k,, <
300, k; =1 and in Figure 4.25b as 0 < k; < 10, k, = 30. The arrows show the

increasing trend. It is clear that the system is stable for the specified values

range of k, that is wider than the case in Figure 4.24. Furthermore, the
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derivative gain existence introduces more damping to the system as the real
poles dominate. In the other hand, by increasing k;, the system becomes
unstable. The Matlab/Simulink simulation adopted the values of k, = 30,k; =1

as they give a damping ration of 0.3.
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Figure 4.24. Root locus of the entire system with DC voltage controller when

0<k, <100, kg=0
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Figure 4.25. Root locus of the entire system with DC voltage controller when (a)

0 <k, <300, kg =1(b) 0 < kq <10, k,, =30
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Figure 4.26a shows the active power responses of the three inverters when
initially run in island mode with power set-points are as P; = 20kW,P, =
10kW and P; = 0kW. The derivative term is zero (k, =30, k; = 0), which
makes the system more oscillatory as expected. The calculated frequency from
the response is 62.2 rad/s and corresponds to the expectations from the
rootlocus which is 68 rad/s. Figure 4.26b shows the response when k, = 30,
ks = 1. In contrast with Figure 4.21, the controller succeeds in mitigating the
circulating power from the other inverters and consequently prevents the rise of
the DC link voltage, Figure 4.27, so decreasing the risk of tripping any inverter
and presenting more damping compared with Figure 4.26a. As shown, each
inverter has a different transient oscillation frequency that is predicted by the
rootlocus plot as well. The locus portends two frequencies as 55.13 and 307.5
rad/s and in Figure 4.26b, the responses have two major frequencies of 54.16
and 306.5 rad/s, which reveals the validation of the developed model and the

controller design criteria.
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Figure 4.26. The active power responses of the three inverters when initially run

inisland mode and (a) k, =30, kg =0 (b) k, =30, kg =1
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Figure 4.27. DC link voltage responses of the third inverter when the PD

controller is adopted

4.7. Conclusion

This chapter has investigated the transient power between paralleled inverters
during unintentional islanding and a controller to limit this circulating power has
been proposed. The controller monitors the DC link voltage and in case the
voltage rises above a specific limit, indicating power being imported, the
controller adjusts the power set-point in proportion to the rise in the voltage. A
small signal model of a microgrid consisting of two inverters in island mode has
been developed and used to design the controller. Simulation and experimental
results confirmed the accuracy of the developed model and the validity of the
design. Finally, a completed island microgrid has been modelled based on dg-
frame. The model also was used to investigate the problem when multi parallel
inverters exist. A PD controller was proposed and a design by the rootlocus was

presented which emphasized the predictions of the simulation results.
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CHAPTER 5 IMPROVED REACTIVE POWER SHARING FOR

PARALLEL-OPERATED INVERTERS IN ISLAND MODE

5.1. Introduction

Unequal impedances of interconnecting cables between paralleled inverters in
island mode cause inaccurate reactive power sharing when traditional droop
control is used. Many in the literature adopt low speed communications such as
CAN and Ethernet, Figure 5.1, between the inverters and a central control unit
to overcome this problem. However, the loss of this communication link can be
very detrimental on the performance of the controller. This chapter proposes an
improved reactive power-sharing control method. It uses discrete
measurements of the voltage at the point of common coupling (PCC) to
estimate the output impedance between the inverters and the PCC and readjust
the voltage droop controller gains accordingly. The controller is then retrieved to
traditional droop controller using the newly calculated gains. This increases the
immunity of the controller against any loss in the communication links between
the central control unit and the inverters. The capability of the proposed control
method has been demonstrated in simulation and experimentally using a

laboratory scale microgrid.
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Figure 5.1. General microgrid structure including energy sources, DC/DC and

DC/AC converters

5.2. Small signal analysis of reactive power sharing

Figure 5.2 shows a simple microgrid consisting of two inverters. Each inverter is
modelled by its two-terminal Thevenin equivalent circuit where V and X,
represent the Thevenin voltage and impedance, respectively [8]. For a
dominantly resistive output impedance, P-V and Q-w droop control is commonly
used while for an inductive output impedance, the P-w and Q-V is used [81]. In
this chapter, the output impedance is guaranteed to be inductive by using an
inductive virtual impedance as described in [82] and hence the P-w and Q-V

droop control is employed. The two inverters are connected through different
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feeder impedances X;; and X;,. The traditional droop control equations for

inverter i are given by
o =0 -mP (92)
V.=V -nQ, (93)
where w; and V; are the output frequency and voltage, w* and V* are the
frequency and voltage set-points, m; and n; are the frequency and voltage
droop gains and P; and Q; are the active and reactive power, respectively.
A small signal deviation (denoted by ‘~’) in the output voltage V; in (93) is given
by,
V,=-nQ (94)
This means that a small deviation in V; with respect to a small deviation in Q;
(around the equilibrium point) is a linear line with a slope of —n; and the
behaviour of V; is determined by,
V.=V, +V, (95)
By choosing the equilibrium point I, to be V*, the small signal expression is,
V, =V -nQ, (96)

| Feeder 1 Veee Feeder 2 |

2 V.
47
Kot Xi X2 ’

Load

Inverter 1 Inverter 2

Figure 5.2. Simple islanded microgrid consists of two parallel inverters

The current flow causes a voltage drop across X, and X; and hence the voltage
at the point of common coupling Vp will be different from V; and V.

130



By defining the total impedance of inverter i as X; = X,; + X;;, the reactive

power generated by inverter i can be shown to be given by

V2 -VV,.. COSJ;
Qi — i )IZCC i (97)

where §; is the power angle between V; and Vp... For a small power
angle,cos §; = 1 and hence the reactive power can be approximated as

VAV,
X

Q (98)

where

AVi :Vi _Vpcc (99)

A small change (denoted by ‘~’) in the reactive power Q; due to a change in

voltage is given by

~ 1 ~ -

Q ~ AV, V, +V,, - AV, (100)
where Al,, and V,, are the equilibrium voltage difference AV; and inverter output

voltage V;, respectively, around which the small signal perturbation is

performed. The symbol AV; denotes a small change in AV; ; in other words

1

AV; = V; — V. Because AV,, < V,,, and by choosing the equilibrium point

Veq = V", a small change in reactive power can be approximated as

*

| <

Q =4V, (101)

X

By deviating AV; in (99), substituting into (101) and rearranging, then the
inverter output voltage behaviour around the equilibrium point can be expressed

as
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Figure 5.3. Reactive power sharing affected by the voltage drop

Both (96) and (102) define the relationship between V;and Q; around the
equilibrium. For inverter 1, Figure 5.3(a) represents (96) and (102) graphically

as two lines. The delivered reactive power is given by where the two lines
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intersect. If one inverter has higher total impedance X;, the slope X;/V* in (102)
will be higher and in order to deliver the same reactive power as the other
inverter, the voltage droop coefficient n; (slope in (96) ) needs to be reduced.
This is illustrated in Figure 5.3(b) where inverter 2 has a higher total impedance
than inverter 1, X, > X;. Therefore, for the two inverters to share reactive power
equally, the voltage droop coefficient of inverter 2 needs to be reduced

accordingly.

By substituting (96) into (102) we obtain

-~V
Voo _ (103)
n+X;/V

Q=

Hence, for the two inverters to share reactive power equally the following
condition needs to be satisfied,

n+X, /N =n+X,N" (104)

In order to have equal sharing of reactive power, the droop gain n; needs to be

adjusted in proportion to 1/X;. Thus inverters with higher output impedance will

have voltage droop gains reduced. The new voltage droop gain n; is proposed

to be calculated as

=N (105)

where X,;is the nominal output impedance of the inverter. The output
impedance X;includes the inverter output impedance X, and the
interconnecting cable impedances such that X; = X,; + X;; (see Figure 5.2). The
impedance X,; should be known for each inverter while the impedance X; can

be estimated such as

133



Xi= i (106)

The value of X; is needed to scale the droop gain to finally improve the reactive
power sharing. This value X; has to be calculated when all inverters share the
reactive power adequately. Consequently, once an accurate reactive power
sharing is obtained by using Vpc- [61], the output reactive power is measured
then the output impedance is estimated. Therefore, after the estimation process
and retrieving the traditional droop controller with the new gain, it will give the

same power sharing again without Vp.

By readjusting the voltage droop gain according to (105), it can be guaranteed
that the new droop gain is smaller or equal to the original droop gain. This is
quite important because if the droop gain is increased beyond the designed

value, instability can occur [16].

5.3. Proposed reactive power sharing controller

The proposed controller scheme is shown in Figure 5.4. It consists of two
stages; in the first stage, the controller uses the PCC voltage to obtain accurate
sharing between inverters, estimate X; and calculate the new droop gain n;. In
the second stage, reactive power control uses traditional voltage droop
incorporating the new calculated droop gain n;. The two stages are explained

below.
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Figure 5.4. Proposed controller scheme (a) Stage 1: Accurate power sharing

(b) Stage 2: Voltage compensation

A. Stage 1l

In this stage, the voltage drop V* — Vp is calculated and compared to n; Q;
and the error signal is fed back to the controller through an integrator as
proposed in [61] and shown in Figure 5.4a. The gain K, is used to accelerate
the transient response as required. In steady state condition, the input to the

integrator is zero which means that the reactive power is given by,

135



_ Kq (V* _Vpcc )
n

Q (107)

If all inverters have the same n, the right hand side of (107) is the same in all
inverters. Thus, equal sharing is achieved even if the output impedances are
different. When the steady state condition is reached (determined by zero input
to the integrator), the output impedance X; is estimated using (106) and the new
droop gain is calculated using (105). All new droop gains are set in proportional
to 1/X; and thus traditional droop control can be used without using the PCC

voltage.

B. Stage 2

In this stage, a smooth transition from a closed loop control that involves the
measurement of the PCC voltage to a traditional droop control using the newly
calculated droop gains is performed. At the end of stage 1 (once steady state

condition is reached), the inverter output voltage is given by

Vistagey =V +U; (108)
In stage 2, after adopting the new droop gain n’ with the traditional droop loop,
the inverter output voltage is given by

Visageny =V =N Q; + ¢ (109)

where the offset a is added to make sure that the inverter voltage at the
beginning of stage 2 is the same as that at the end of stage 1. Therefore, (108)
and (109) should be equal and hence a is given as in (110) and it is calculated

at the end of stage 1 as shown in Figure 5.4a.
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a; =U; +n5 Q (110)

In stage 2 the offset « is added via a ramp function as shown in Figure 5.4b.

I PCC Voltage (Stage 1)
—
MGCC |« — — - — - |—» Inverterl
—

Syn. Signal (Stage 2) |
|
— » Inverter 2

Power .
— . — Communication |

L & Inverter i

Figure 5.5. Communication scheme for the proposed controller

Stage 2 |

| Stage 1A
Stage 1

Functions

Timeline

Figure 5.6. Proposed algorithm stages timeline

The proposed controller can be realized using a low-bandwidth communication
link to connect each inverter with the MGCC as shown in Figure 5.5. This link

sends the PCC voltage to all units simultaneously for stage 1 to get accurate Q
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sharing. Once the steady state condition is reached (Stage 1A), flagged by zero
input to the integrator, the new droop gain n’ and the offset a are calculated as
shown in the process timeline in Figure 5.6. At the end of stage 1, a
synchronized flag is sent so that all inverters activate stage 2 at the same time.
In this stage, the new calculated value of n'will be used instead of the old value

n as the droop gain.

Symbol Description Value
m Frequency droop gain 0.001
n Voltage droop gain 0.001
/A Voltage set point 230 Vrms
fo Freguency set point 50 Hz
T Measurement filter time constant 0.5 sec

Output impedance for inverter 1

Xo1 (Simulation only) 2500pH
Output impedance for inverter 2
Xo2 i (Si?nulation only) 2500pH
X1 Feeder line impedance for inverter 1 0 uH
X Feeder line impedance for inverter 2 500pH
K, Vpcc loop gain 10
Prax Inverter’'s maximum active power 15kW
Qmax Inverter's maximum reactive power 10kVar

Table 5.1 Simulation Parameter Values

5.4. Simulation Results

A model of microgrid with two inverters was built using Matlab/Simulink. Each
inverter is modelled as an ideal voltage source with a series inductive output
impedance as shown in Figure 5.2. The system parameters are shown in
Table 5.1. The two inverters have identical parameters. However, extra

impedance is inserted between inverter 2 and the PCC to model the impedance
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of a long feeder, transformer of grid-side inductor. This part of the simulation is
carried out to verify the proposed controller under different load conditions and
comparing its performance with that of the traditional droop controller.

Figure 5.7 shows the reactive power of the two inverters with traditional droop
control under different load conditions; low, medium and high corresponding to
10%, 50%, and 100% of the maximum reactive power rating of the microgrid
(20kVar), respectively. It can be noticed that the two inverters do not share
reactive power equally. Table 5.2 summarizes the steady state values of the

simulation results.
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Figure 5.7. Inverter’s output power when low, medium and high loads are

supplied using traditional droop control
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Figure 5.8 shows the reactive power with the proposed controller under different
load conditions. The traditional droop controller is used until simulation time t =
5.5 sec when stage 1 is activated and the new droop gain n’ and the offset «
are being calculated. At simulation time t = 21 sec, stage 2 is activated and the
controller reverts to traditional droop control but with the new calculated droop
gain n'. At t = 21 sec, there is a dip in the reactive power and this is due to the
difference between the inverter voltage at the end of stage 1 and at the
beginning of stage 2. This is fixed by adding the offset a which is done gradually
via a ramp function. After the controller is settled and at simulation time t = 32
sec, a sudden change in reactive load is applied to test the ability of the
proposed controller to maintain good reactive power sharing. In Figure 5.8a, the
activation of the proposed controller happens when the reactive load is low (500
Var) followed by a sudden change in reactive load from low to high (9500 Var).
In Figure 5.8b, the activation of the proposed controller happens when the
reactive load is medium (6200 Var) followed by a sudden change in reactive
load from medium to high (12000 Var). In Figure 5.8c, the activation of the
proposed controller happens when the reactive load is high (15000 Var)
followed by a sudden change in reactive load from high to low (800 Var).
Finally, in Figure 5.8d, the activation of the proposed controller happens when
the reactive load 